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IN  MEMORIAM 


Andrew  Chi  died  suddenly  on  June  19,  1982.  During  a  three  decade  career,  he  made  important  contributions 
to  diverse  areas  of  the  time  and  frequency  field  -  quartz  crystal  technology,  atomic  frequency  standards  and 
time  dissemination  via  radio  broadcast  and  satellite.  A  brief  record  of  his  career  follows. 

Andrew  R.  Chi  was  born  in  Tientsin,  China  on  September  12,  1920.  He  received  the  B.S.  degree  in  physics 
and  mathematics  from  Western  Maryland  College,  in  1944  and  the  M.A.  degree  in  physics  from  Columbia  University, 
in  1946.  From  1946  to  1953  he  was  an  Instructor  in  physics  at  the  Cooper  Union  School  of  Engineering  in  New 
York  City. 

In  1953  he  joined  the  U.S.  Army  Signal  Research  and  Development  Laboratories,  Fort  Monmouth,  as  a  physicist 
doing  research  on  the  fundamental  properties  of  quartz.  His  findings  contributed  to  the  understanding  and 
development  of  a  method  for  determining  the  angle  of  cut  of  quartz  resonator  plates  for  various  operating  temp¬ 
eratures.  He  correlated  the  change  of  the  resonator  properties  of  quartz  to  the  content  of  impurities  intro¬ 
duced  to  the  crystal  structure  of  quartz  during  qrowth.  For  his  findings,  he  was  given  a  patent  on  growing 
synthetic  quartz  with  controlled  impurities.  The  crystals  he  made  found  applications  as  filters  in  ccmmunica- 
tion  equipment. 

In  1957  he  joined  the  Naval  Research  Laboratory,  where  he  was  engaged  in  studies  of  atomic  resonance  de¬ 
vices  and  precision  frequency  standards.  He  collaborated  with  physicists  from  the  National  Bureau  of  Standards 
in  developing  the  atomic  gas  cell  frequency  standard  using  optical  pumping  techniques.  He  and  his  colleagues 
were  the  first  to  measure  the  hyperfine  transition  frequencies  of  rubidium-87  and  cesium-133  atoms.  They  were 
also  the  first  to  measure  the  frequency  shift  due  to  pressure  and  temperature  of  various  buffer  gases  in  a  gas 
cell  frequency  standard.  While  at  the  Naval  Research  Laboratory  he  also  maintained  the  proper  operation  of  the 
cesium  beam  atomic  frequency  standard  whose  output  frequency  was  measured  in  terms  of  Universal  Time  by  astron¬ 
omers  and  scientists  at  the  U.S.  Naval  Observatory,  Washington,  D.C.,  and  the  National  Physical  Laboratory  in 
Teddington,  England. 

In  1963  he  joined  NASA's  Goddard  Space  Flight  Center  and  became  Head  of  the  Timing  Systems  Section.  In 
this  position,  he  planned  and  conducted  research  and  development  of  advanced  timing  systems  for  the  manned  and 

unmanned  satellite  tracking  networks.  Mr.  Chi  was  the  first  to  see  the  need  for  and  became  the  prime  mover  in 

organizing  a  symposium  for  the  purpose  of  defining  the  short  term  frequency  stability.  This  symposium  was 
organized  and  held  at  Goddard  Space  Flight  Center  in  November  1964.  Because  of  the  wide  interest,  the  Institute 
of  Electrical  and  Electronics  Engineers  (IEEE)  joined  the  National  Aeronautics  and  Space  Administration  (NASA) 
in  sponsoring  the  Symposium  on  Short  Term  Frequency  Stability.  Mr.  Chi  was  the  Chairman  of  both  the  symposium 

and  the  Technical  Program  Committee.  He  was  also  the  editor  of  the  symposium  proceedings. 

During  the  planning  stage  of  the  Apollo  program  he  served  as  a  member  of  the  Apollo  Navigation  Working 
Group  and  designed  the  timing  system  for  the  Manned  Space  Flight  Network.  He  served  as  a  timing  expert  in  the 
Geodetic  Satellite  Program;  as  a  tracking  scientist  for  the  OMEGA  Position  Location  Experiment,  as  Chairman  of 
the  Timing  Standards  Subcommittee  of  the  Data  Systems  Requirements  Committee;  and  was  NASA’s  representative  on 
the  Timing  Committee  of  DOO's  Inter  Range  Instrumentation  Group.  His  technical  contributions  during  this  period 
included  NASA's  time  code  standards  and  a  time  synchronization  technique  usina  dual  very  low  frequency  trans¬ 
missions. 

From  1971  to  his  death,  Mr.  Chi  was  a  senior  staff  engineer  of  the  Network  Engineering  Division.  In  this 
position  he  was  responsible  for  planning  and  coodinating  all  programs  pertaining  to  frequency  and  time  for  use 
by  NASA's  worldwide  satellite  tracking  and  data  networks.  He  was  the  principal  investigator  of  a  joint  experi¬ 
ment  between  NASA  and  the  Federal  Aviation  Administration  on  precise  time  transfer  via  a  synchronous  satellite. 

He  used  the  two-way  time  transfer  technique  to  measure  the  round  trip  propagation  delay  and  demonstrated  a  system 
capability  of  transferring  time  to  an  accuracy  of  50  nanoseconds. 

He  was  the  manager  of  a  research  technology  operating  plan  on  network  timing  and  synchronization  technology. 
As  such  he  planned,  developed,  and  coordinated  time  synchronization  techniques  for  NASA  users.  He  represented 
NASA  in  meetings  with  other  Government  agencies  on  matters  pertaininq  to  frequency  control,  atomic  oscillators, 
time  synchronization,  and  time  maintenance.  He  also  represented  the  United  States  at  international  meetings  for 
example  in  Study  Group  7  of  the  International  Radio  Consultative  Committee  of  the  International  Telecommunication 
Union. 

He  was  a  Fellow  of  the  Institute  of  Electrical  and  Electronics  Engineers,  a  member  of  the  American  Physical 
Society  and  a  past  member  of  the  American  Association  of  University  Professors,  American  Association  of  Physics 
Teachers,  Research  Society  of  America,  and  Philosophical  Society  of  Washington,  DC.  In  addition  to  the  Distin¬ 
guished  Service  Anard,  which  he  received  in  1965,  Mr.  Chi  was  awarded  the  Scroll  of  Appreciation  of  the  Secretary 
of  State  for  his  contributions  to  CCIR  (1967),  the  Apollo  Achievement  Award  (1969),  the  Skylab  Achievement  Award 
(1974),  and  the  1978  Moe  I.  Schneebaum  Memorial  Award  for  his  significant  contributions  to  the  establishment  of 
an  international  measure  of  frequency  stability.  He  was  given  the  1980  Achievement  Avard  by  the  Chinese  Engineers 
and  Scientists  Association  of  Southern  California  for  his  contribution  to  International  standards  of  frequency 
and  time  measurement. 
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Prior  to  1983,  only  one  award,  the  C.8.  Sawyer  Memorial  Award,  nac  been  presented  at  tne  freg.^r-  , 
Symposium,  According  to  the  Sawyer  Award  announcement,  the  Award  is  "to  cns'st  anc  a  5 las 

be  made  on  an  annual  basis  to  the  person,  or  the  group  of  persons,  who,  m  the  opinion  u‘  an  in 
three-man  judging  committee,  has  made  the  most  outstanding  recent  cont'ibut’on  to  advancement  ’ 
of  quartz  crystals  and  devices.  No  award  will  be  r.ace  in  year  in  wr-'h  the  omri'tee  igtc" ■■ *  >■ 

award  is  warranted.  Presentations  will  be  made  at  the  Annual  Frequent  y  Control  S y-p  0  ■  j- , " 

Aside  from  permitting  the  presentation  of  the  Sawyer  Award  at  the  Symposi Banquet,  tne  .  y-pos  i  u"  > 
has  had  no  involvement  with  the  Sawyer  Award.  T-...  Award  is  sp' 'sored  :,  '.  $»,<_••-  Pesea-'  ’  '■■j'.u.'o. 
judging  committee  is  selected  by  that  .ompany.  !»..  ♦>.  ,t  Saw,*''  A  war :  «•*-  pres.-*.'- :  •*  ;  a;.  *'  . 

presented  each  year  since  then,  except  >n  1983,  When  r-.i  Suitable  aware  nn-' oat : vr ,  wee  re-e; ..  g. 


For  several  years,  sentiment  had  been  expressed  it  S  ,-jwv-  yi.g,.,-  •  —  u-t  *  .  ■  *, 

awards  that  can  recognize  outstanding  contributions  in  all  ♦  i.-lcs  cover,.;  * ,  **»  t-  ."-jjS'u"  .  ’■  t 
field  of  quartz  crystals  and  devices.  Tnerm-f  ;■■■>' ,  •”  <-a*l.  .  9  i ,  the  p>-  yj-  ..yin  *  t>  • 

new  awards.  One,  the  Cady  Award,  named  a't"'  Wal'.-r  S-j,tor  .-d,,  -s  1  •.  tr--,.  ,•  ■  ,~ 

related  to  piezoelectric  frequency  control  deviies.  The  utter,  the  Rab'  ta-e: 

•S  to  recognize  outstanding  untri but ; ons  related  'c  ‘ielos  sue’’  as  a*.--  and  m.  ;e. /',ejJen  , 

and  time  transfer  anc  dissemination.  Each  a*a  *-  :  -  •  .  - 1 ;  s  *  S .  c, .  m  :  ■  -  ■  • .  ; 

any  certi  ficate  in  a  leather  binder.  Ihe  awa-'ds  are  presented  to  the  recipient  s  at  tne  :  .mt  •  ■.  1 bare 


AWARD  WINNERS:  Dr.  E.  Hafner,  Prof.  I.I.  Rabi,  and  Dr.  E.  P.  EerNisse 


THE  RABI  AWARD 


The  first  recipient  of  the  Rabi  Award  was  Prof.  I.I.  Rabi:  ''For  theoretical  and  experimental  contributions 
to  atomic  beam  resonance  spectroscopy  leading  to  the  development  of  practical  atomic  frequency  standards. 

THE  CADY  AWARD 


The  first  recipient  of  the  Cady  Award  was  Dr.  Errol  P.  EerNisse:  "For  his  theoretical  prediction  of  planar 
stress  compensation  in  doubly  rotated  quartz  plate  resonators  leading  to  the  realization  of  the  SC-cut." 

THE  SAWYER  AWARD 


The  Sawyer  Award  recipient  was  Dr.  Erich  Hafner:  "For  technical  contributions  and  leadership  in  the  fields 
of  quartz  resonator  research,  technology  and  measurement,  and  high  precision  frequency  control." 
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PREVIOUS  SAWYER  AWARD  WINNERS: 

1966  -  Or.  Warren  P.  Mason:  "For  outstanding  contributions  in  quartz  crystal  devices,  particularly  in  the  field 
of  frequency  selection"  and 

Dr.  Rudolf  Bechman:  “For  outstanding  contributions  in  quartz  crystal  devices,  particularly  in  the  field 
of  frequency  control . “ 

1967  -  Professor  Raymond  0.  Mindlin:  "For  fundamental  contributions  to  the  theory  of  vibration  in  piezoelectric 
resonators  leading  directly  to  advancements  in  the  art." 

1968  -  Daniel  R.  Curran:  "For  original  and  imaginative  design  of  multielectrode  piezoelectric  resonators, 
contributing  significantly  to  the  rapid  advance  of  the  quartz  filter  art  in  the  past  few  years"  and 

Dr.  David  B.  Fraser:  “For  contributions  to  the  knowledge  of  the  mechanisms  of  acoustic  loss  in 
crystalline  quartz,  and  the  evaluation  of  this  acoustic  loss  by  optical  methods." 

1969  -  Arthur  W.  Warner,  Jr.:  "Contributions  to  the  development  of  high  frequency  thickness  shear  quartz 
resonators  for  precise  frequency  control  and  as  an  aid  to  the  measurement  of  the  intrinsic  Q  of  quartz  material." 

1970  -  Dr.  Issac  Koga:  "Theoretical  and  experimental  investigations  of  quartz  and  tutorial  leadership  in  the 
field  of  piezoelectric  crystals." 

1971  -  Donald  L.  Hammond:  “For  development  and  applications  of  crystal  devices  to  highly  precise  frequency 
control,  and  temperature  and  pressure  instrumentation." 

1972  -  Dr.  W.J.  Spencer:  "For  advances  in  the  theory  and  development  of  piezoelectric  crystal  devices." 

1973  -  Dr.  James  C.  King:  "For  major  contributions  to  the  understanding  of  the  fundamental  properties  of 
quartz  crystals,  and  methods  for  improvement  of  these  properties  in  synthetic  quartz." 

1974  -  Dr.  Robert  A.  Laudise,  Robert  A.  Ballman  and  David  W.  Rudd:  "For  outstanding  contributions  to  the 
synthesis  of  crystalline  quartz  with  special  properties  for  resonator  applications." 

1975  -  Dr.  Morio  Onoe:  "For  theoretical  and  practical  contributions  in  the  field  of  frequency  control  and 
selection,  as  well  as  leadership  in  national  and  international  conmittees  on  piezoelectric  devices." 

1976  -  Warren  L.  Smith:  "For  outstanding  contributions  in  the  field  of  precision  crystal  controlled  oscillators 
of  high  spectral  purity  and  monolithic  crystal  filters." 

1977  -  Dr.  Virgil  E.  Bottom:  "In  recognition  of  theoretical  and  practical  contributions  to  the  Quartz  Crystal 
Industry,  and  inspiration  to  his  students  to  choose  this  field  of  endeavor." 

1978  -  Dr.  Arthur  D.  Ballato:  "For  contributions  in  the  field  of  piezoelectric  crystals  such  as;  stacked  filters, 
electric  circuit  analogues  and  stress  effects  in  doubly  rotated  plates." 

1979  -  Dr.  Harry  F.  Tiersten:  "For  contributions  to  the  theory  of  piezoelectric  resonators." 

1980  -  Dr.  Peter  Chung-Yi  Lee:  "For  contributions  to  the  theory  of  vibrations  in  quartz  crystal  plates." 

1981  -  Dr.  Eduard  A.  Gerber:  "For  pioneering  research  in  VHF  and  UHF  precision  oscillators  and  filter  crystals 
and  international  leadership  in  the  field  of  frequency  control"  and 

Roger  A.  Sykes:  “For  outstanding  contributions  in  the  development  and  application  of  quartz  crystals 
in  the  frequency  control  industry." 

1982  -  No  award  given  in  this  year. 
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HISTORY  OF  ATOMIC  FREQUENCY  STANDARDS 


Norman  F.  Ramsey 

Mount  Holyoke  College 
South  Hadley,  MA 

and 

Harvard  University 
Cambridge,  MA 


The  history  of  atomic  frequency  standards  was 
reviewed  with  special  emphasis  on  the  methods  that 
are  currently  the  most  stable  and  most  widely  used. 
The  subjects  discussed  included  the  molecular  beam 
magnetic  resonance  methods,  atomic  beam  frequency 
standards,  molecular  masers,  atomic  masers,  lasers, 
trapped  ions,  superconducting  cavities,  doppler 
broadening  and  future  prospects.  The  full  article 
will  be  published  in  the  September  1983  issue  of  the 
National  Bureau  of  Standards  Journal  of  Research . 
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PULSARS:  NATURE’S  MOST  PRECISE  CLOCKS 


Joseph  H.  Taylor 
Joseph  Henry  Laboratories 
Physics  Department,  Princeton  University 
Princeton,  New  Jersey  08544 


When  pulsars  were  discovered  by  radio  astronomers  in  1967,  it  was  soon  evident  that  these  objects  are  natural 
clocks  of  remarkably  high  precision.  The  signal  received  from  a  typical  pulsar  consists  of  bursts  of  radio 
frequency  noise,  recurring  at  periodic  intervals  of  half  a  second  or  so,  and  with  pulse  widths  equal  to  a  few 
percent  of  the  period.  If  the  signal  is  averaged  synchronously  for  several  hundred  periods,  thereby  producing 
a  stable  waveform  with  enhanced  signal-to-noise  ratio,  the  phase  of  the  pulsar  "clock"  can  be  measured  to  a 
precision  of  n*  10'3  periods.  Thus,  typical  pulsars  can  be  timed  with  measurement  uncertainties  of  <  500  ys 
after  a  few  minutes  of  observation.  The  use  of  very  large  radio  telescopes,  together  with  sophisticated  signal 
processing  techniques  and  longer  averaging  times,  can  improve  accuracies  even  further. 

Pulsar  timing  observations  have  now  been  accumulated  for  more  than  a  decade,  and  the  data  show  that: 

(1)  Nearly  all  pulsars  exhibit  timing  accuracies  (after  correction  for  a  constant  period  derivative)  of  a 
few  milliseconds  or  better,  over  timescales  exceeding  ten  years. 

(2)  Pulsars  with  the  most  regular  timing  behavior  tend  to  be  those  with  the  smallest  period  derivatives. 

In  some  cases  the  pulse  timing  residuals  over  a  twelve  year  span  are  entirely  consistent  with  random 
measurement  errors  at  the  level  of  200  ps  or  less. 

At  these  levels  of  accuracy  the  pulsars  are  already  impressive  clocks  --  but  they  do  not  yet  challenge  the 
accuracies  of  civil  timekeeping  standards.  However,  the  discovery  in  late  1982  or  an  unusually  fast  pulsar 
(period  =  1.558  ms)  may  radically  change  this  situation.  Because  the  measurement  uncertanties  tend  to  be  a 
fixed  fraction  of  a  period,  accuracie'  of  o-  1  ys  are  achievable  for  this  object  in  a  few  minutes  of  observing 
time.  Furthermore,  this  pulsar  has  the  smallest  period  derivative  yet  measured  for  any  pulsar,  approximately 
10'”  s  s'1,  so  if  the  well-established  generalization  (2)  applies,  the  millisecond  pulsar  is  likely  to  be  a 
superb  clock  over  very  long  timescales.  After  four  months  of  observations,  post-fit  timing  residuals  (pulsar 
clock  minus  atomic  time)  amount  to  less  than  2  ys  rms,  and  are  presently  dominated  by  non-random  instrumental 
errors.  We  believe  that  these  errors  can  be  reduced  by  at  least  a  factor  of  10,  and  thus  --  over  timescales 
of  a  year  or  longer  —  that  this  pulsar  may  indeed  challenge  the  accuracy  of  the  best  man-made  timekeeping 
and  time  distribution  systems.  The  potential  applications  of  pulsars  as  time  standards  are  many,  and  include 
observational  cosmology,  the  astrophysics  of  neutron  star  interiors,  basic  gravitational  physics,  solar  system 
dynamics,  and,  finally,  very  practical  independent  checks  on  the  accuracy  of  terrestrial  atomic  clocks. 
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Application  of  Hacal  Hydrides  Pot  Gas 
Handling  In  Hydrogen  Masers* 


Harry  T.  M.  Wang 
Hughes  Research  Laboratories 
Malibu,  CA  90265 
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Sum ary 

‘  “'Reversible  Interaction  of  hydrogen  with  certain 
metals  and  alloys  have  been  employed  to  effectively 
satisfy  the  hydrogen  supply  and  flow  regulation,  as 
well  as  vacuum  maintenance  requirements  of  a  hydrogen 
maser.  In  addition  to  providing  significant  reduc¬ 
tions  in  maser  size,  weight  and  power  consumption, 
the  hydride  components  also  lead  to  Improved  system 
reliability.  A  hydrogen  supply  for  seven  years  of 
operation  of  an  oscillating  compact  maser  can  be 
stored  In  50  grams  of  LaNls  or  LaNl4  .7A1U .  The 
source  occupies  a  volume  of  less  than  50  cc, 

Including  an  electrically  controlled  palladium-silver 
alloy  flow  regulator.  A  combination  getter-ion 
vacuum  pump  system  for  the  maser  was  developed  using 
a  zirconium  graphite  getter.  Operational  experience 
Indicates  that  for  reliable  maser  operation,  a  clean, 
bakeable  vacuum  system  design  is  a  critical 
requirement.. 

Introduction 


Hydrogen  Storage  Using  Hydrides 

The  technique  of  hydrogen  storage  in  hydrides 
makes  use  of  the  reversible  reaction  of  a  solid 
metal,  M,  with  gaseous  hydrogen,  ,  to  form  a  solid 
metal  hydride,  MH„,  according  to  the  equation, 

2.  M  +  H,  ;  2.  MH  +  heat 
x  i  x  * 

The  reversible  reaction  means  that  hydrogen  can  be 
stored  or  discharged  at  will,  analogous  to  a  water 
sponge  or  a  rechargeable  electric  battery.  At  a 
given  temperature,  T,  the  equilibrium  dissociation 
pressure,  P,  for  a  charged  hydride  Is  relatively 
constant,  at  least  In  theory.1  In  practical  storage 
media,  the  dissociation  pressure  may  depend  on  the 
hydrogen  content,  as  shown  by  the  hydrogen  absorption 
and  desorption  characteristics  of  a  50  gram  sample  of 
LaNiM .7A10 . j  at  room  temperature  In  Figures  l  and  2. 
On  the  other  hand,  the  dissociation  pressure  Is  a 
sensitive  function  of  temperature  and  Is  described  by 
the  van't  Hoff  equation, 


The  operation  of  the  hydrogen  maser  requires  a 
steady  supply  of  state  selected  hydrogen  atoms. 
Furthermore,  slgnal-to-noise  ratio  and  atomic  transi¬ 
tion  llnewidth  considerations  dictate  that  the  atomic 
resonance  be  observed  in  a  high  vacuum  environment. 

In  conventional  maser  designs  atomic  hydrogen  Is 
obtained  by  dissociating  hydrogen  molecules  In  a 
radio  frequency  discharge.  The  supply  of  molecular 
hydrogen  Is  typically  stored  In  a  vessel  under  high 
pressures.  A  sputtering  Ion  pump  Is  used  to  pump 
away  the  spent  gas  and  other  outgasslng  products  to 
maintain  the  required  high  vacuum  for  maser  opera¬ 
tion.  Both  the  pressure  vessel  (and  the  associated 
flow  regulator)  and  the  Ion  pump  having  the  capacity 
to  handle  the  gas  load  alone  are  bulky  components 
which  constitute  a  significant  portion  of  the  size 
and  weight  of  the  maser.  For  field  operable  devices, 
and  especially  devices  for  spaceborne  applications, 
size,  weight  and  power  consumption  are  Important 
considerations.  Moreover,  the  ton  pump  has  been 
trouble  prone,  causing  reliability  problems.  Indeed, 
most  maser  failures  are  traceable  to  Ion  pump  mal¬ 
functions.  It  Is  therefore  desirable  to  eliminate 
the  Ion  pump,  or  at  least  minimize  Its  role  In  maser 
vacuum  maintenance. 

Many  metals  and  alloys  react  reversibly  with 
hydrogen  to  fora  compounds  termed  hydrides.  The 
great  affinity  for  hydrogen  and  other  properties  of 
selected  metals  and  alloys  can  be  exploited  to  pro¬ 
vide  effective  remedies  for  gas  handling  and  vacuum 
maintenance  requirements  In  the  atomic  hydrogen 
maser.  In  this  paper,  we  will  discuss  a  hydrogen 
supply  and  a  vacuum  pump  for  the  maser  employing 
hydride  Interaction. 


♦This  work  haa  been  supported  by  the  Naval  Research 
Laboratory  under  contracts  N00014-82-C-2016  and 
N00014-83-C-2023. 


where  AH  Is  the  heat  of  reaction  and  R  Is  the  gas 
constant.  For  a  specific  application, 
the  storage  medium  Is  selected  to  satisfy  working 
temperature  and  pressure  requirements. 

Recent  metallurgical  advances  had  made  a  variety 
of  media  suitable  for  hydrogen  storage  readily  avail¬ 
able.  Some  hydrides  and  their  hydrogen  storage  char¬ 
acteristics  are  shown  In  T-ble  I.  Hydrogen  density 
In  a  gas  at  a  pressure  of  100  atmospheres  and  In 
liquid  hydrogen  are  also  shown  for  comparison.  It  Is 
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Figure  l.  Hydrogen  storage  In  LaNl^ . , Aly . 3 : 
Absorption  (50  grams  sample). 
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Figure  2.  Hydrogen  storage  In  LaNi^ . 7 Alu . } : 

Desorption  (50  grams  sample). 

TABLE  1.  Hydrogen  Storage  In  Metal  Hydrides 


MEDIUM 

HYDROGEN  CONTENT 

DISSOCIATION 
PRESSURE  AT 

25  °C.  atm 

HEAT  OF 
REACTION 

H.  fccal/moto-H 

mt\  H 

M-atOm/mL  a  10*^ 

u  um3 

1.3 

8  3 

2  5  »  10  * 

202 

Mg  MgH? 

7  6 

6  7 

5  5  k  10'7 

- 10  5 

L^Nh,  -  L»ISH6 

15 

76 

1  65 

74 

LaMi4  7AI0  3  -  laht4  ?Ai0  3h6 

14 

72 

0  42 

8  1 

H2  GAS  AT  100 stm 

>00 

05 

- 

- 

h2.  LIQUID 

100 

42 

- 

Interesting  to  note  that  volume  for  volume,  the  solid 
hydrides  have  hydrogen  contents  greater  than  that  In 
liquid  hydrogen.  Needless  to  say,  the  hydride  stor¬ 
age  Is  more  energy  efficient  and  Incomparably  safer 
than  liquid  hydrogen.  Uranium  hydride  has  been  used 
to  provide  spectroscopically  pure  hydrogen  samples. 
However,  since  both  uranium  and  uranium  hydride  are 
pyrophoric  In  finely  divided  form,  they  present 
handling  problems.  Besides,  to  obtain  hydrogen  at 
reasonable  pressures,  the  hydride  has  to  be  heated  to 
high  temperatures.  The  requirement  of  elevated  tem¬ 
peratures  also  applies  to  magnesium  and  other  similar 
binary  hydrides  which  otherwise  provide  a  very  favor¬ 
able  hydrogen  density  to  weight  ratio. 

Several  hydrides  have  been  used  to  provide  a 
hydrogen  supply  for  the  maser.2  We  have  chosen  to 
investigate  mischmetal  hydrides  as  possible  maser 
hydrogen  storage  media.  The  technique  has  a  number 
of  desirable  features: 

(1)  high  density  hydrogen  storage,  leading  to  a 
compact  and  lightweight  package;  (2)  automatic 
purification  of  hydrogen  during  the  charging  and 
discharging  cycle;  and  (3)  dissociation  occurring  at 
room  temperature  at  a  pressure  of  the  order  of  one 
atmosphere.  Thus,  neither  a  bulky  mechanical 
regulator  (for  high  gas  pressure)  nor  a  power 
consuming  heater  (for  hydrides  with  too  low  a 
dissociation  pressure)  Is  needed;  and  (4)  the 
discharge  la  endothermic,  making  hydride  storage 
Inherently  safer  than  pressure  vessel  storage.  In 
addition,  due  to  the  low  hydrogen  flow  rate  In  the 
maser,  no  external  heater  la  required. 


Our  experimental  Investigations  centered  on 
LaNis  (HY-STOR  205)  and  LaNl„ .7Al0 .3  (HY-STOR  207). i 

The  capacity  of  these  hydrides  Is  such  that  the 
hydrogen  supply  for  7  years  operation  of  an 
oscillating  compact  hydrogen  maser  can  be  stored  In 
about  50  grams  of  the  materials,  occupying  a  volume 
of  about  7  cc.  Hydrogen  storage  characteristics  for 
a  50  gram  sample  of  LaNl^  .7A1(J  <3  are  shown  In  Figures 
1  and  2.  The  data  were  taken  at  room  temperature.  A 
prototype  hydrogen  supply  for  the  maser  using  LaNl^ 
was  successfully  tested  on  an  operating  maser.  Even 
though  the  dissociation  pressure  of  LaNl^^  Is  only 
1.6  atmosphere  at  25'C,  the  exponential  dependence  on 
temperature  according  to  the  van't  Hoff  equation 
means  that  It  will  Increase  to  20  atmosphere  at 
100*0.  To  simplify  container  design,  a  hydride  with 
lower  dissociation  pressure  would  be  more  desirable. 
HY-STOR  207  (LaNlu . ; Aly .3 )  was  found  to  satisfy  the 
requirements.  The  hydride  can  be  charged  at 
relatively  law  pressures  (about  1  to  2  atmospheres  at 
room  temperatures).  The  dissociation  pressure  of 
the  hydride  at  25°C  Is  only  about  0.4  atmospheres, 
increasing  to  about  7  atmospheres  at  100°C.  A 
hydrogen  supply  system  for  the  maser  Including  an 
Integrated  palladium-silver  alloy  flow  regulator  is 
shown  In  Figure  3. 

The  Pd-Ag  flow  regulator  Is  another  example  of 
the  application  of  hydrlding  interaction  to  maser  gas 
handling  requirements.  Hydrogen  permeates  the  wall 
of  the  Pd-Ag  tube.  The  flux,  J,  per  unit  area,  A,  Is 
proportional  to  the  concentration  gradient,  dc/dr  of 
hydrogen  In  the  alloy. 

J/A  -  -Ddc/dr 

The  diffusion  coefficient,  D,  obeys  Arrhenius 
relation, 

D  -  D0  exp(-Ea/kT) 

For  Pd-Ag  (80/20)  alloy,  D„  *  3.4  x  10“J  cm2s-1 
(Ref.  1),  and  the  activation  energy  Ea  -  5.35  kcal 
gm-atom-1 .  The  exponential  dependence  on  temperature 
of  the  hydrogen  permeation  rate  Is  conveniently  used 
to  provide  an  electrically  controlled  hydrogen  flow 
for  the  maser. 

Getter  Pump  for  the  Maser 

Chemical  getters  have  been  widely  used  In  high 
vacuum  systems  and  electronic  tubes.  Until  recently, 
they  have  not  been  seriously  considered  for  use  in 
the  maser.  This  Is  probably  due  to  the  fact  that  the 
more  familiar  evaporable  getters  are  Inconvenient  to 
use  and  have  very  limited  capacity. 

During  the  last  several  years,  we  have 
Investigated  the  suitability  of  non-ev.  nor able 
getters  for  maser  applications.  The  aim  of  our 
experimental  Investigations  Is  to  gathei  <.ata  on 
getter  pump  characteristics  and  to  determine  maser 
vacuum  system  design  criteria. 

The  non-evaporable  zirconium  graphite  (ST-171)" 
getter  we  shall  discuss  here  has  very  attractive 
features:  (1)  tremendous  capacity  and  pumping  speed 
for  hydrogen;  and  (2)  hydrogen  getterlng  (hydrlding), 
after  activation,  occurs  at  room  temperature  without 
any  power  consumption.  These  features  will  lead  to  a 
compact  and  lightweight  vacuum  pump.  On  the  other 
hand,  the  pumping  speed  of  the  getter  for  other 
outgassing  products  in  the  system  at  room  temperature 
Is  very  limited.  The  requirement  of  the  maser  Is 
best  met  by  a  combination  vacua  pump  system 
consisting  of  a  getter  and  a  small  Ion  pump.  The 
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Figure  3.  Schematic  of  a  maser  hydrogen 
supply  with  an  electrically 
controlled  Pd-Ag  flow 
regulator. 

getter  handles  the  dominant  hydrogen  gas  load  while 
the  ion  pump  evacuates  the  non-getterable 
contaminants. 

A  schematic  of  the  getter  pump  developmental 
test  station  is  shown  in  Figure  4.  Our  zirconium 
graphite  getter  test  sample  is  in  the  form  of  a 
hollow  cylinder,  40  mm  0.0.  x  25  mm  l.D.  x  46  mm  long 
and  weighing  1 00  grams.  It  is  housed  in  a  quartz 
container  attached  to  an  all-metal  vacuum 
system  using  a  flanged  moly-quartz  transition.  The 
transparent  container  allows  visual  observation  of  the 
physical  condition  of  the  getter.  The  test  station  is 
provided  with  an  ionization  gauge  for  pressure  monitor¬ 
ing,  a  quadrupole  mass  spectrometer  for  residual  gas 
analysis  and  a  2  liter/sec  appendage  ion  pump  for  an 
evaluation  of  the  ion  pump  behavior  under  large  hydro¬ 
gen  flow  conditions.  Molecular  hydrogen  is  admitted  to 
the  test  chamber  through  a  voltage  controlled  Pd-Ag 
alloy  flow  regulator.  Hydrogen  flow  rate  is  determined 
from  pressure  changes  in  a  reservoir  of  known  volume. 

A  capacitance  manometer  with  a  digital  readout  is  used 
for  precise  reservoir  pressure  reading.  A  liquid 
nitrogen  roughing  pump  is  used  for  initial  pump  down 
through  a  bakable  metal  sealed  valve.  Prior  to  getter 
activation  and  data  collection,  the  system  is  baked  out 
under  high  vacuum.  A  combination  ion  and  titanium 
sublimation  pump  is  used  during  high  vacuum  bake  out 
and  subsequent  getter  activation. 

An  effective  activation  procedure  was  established 
as  follows.  Using  an  external  oven,  the  getter  is 
heated  to  about  92S*C  under  high  vacuum.  The  tempera¬ 
ture  la  raised  gradually  so  that  getter  outgassing  doea 
not  overload  the  ion-titanium  sublimation  pump  system. 
After  reachlne  925*C,  the  temperature  is  held  constant 


Figure  4.  Schematic  of  a  getter  pump  test 
station. 


until  residual  pressure  in  the  test  chamber  is  about 
10-6  Torr  or  less.  This  usually  requires  one  working 
day  to  complete.  By  comparison,  the  manufacturer's 
recommended  procedure  could  be  completed  in  a  fraction 
of  an  hour  after  attaining  the  900°C  activation  tem¬ 
perature.  Our  experience  is  that  the  latter  procedure 
does  not  provide  optimum  pumping  speed  and  capacity  but 
is  probably  adequate  if  repeated  activation  is  desired. 

In  order  to  obtain  the  desired  capacity  data 
within  a  reasonable  interval,  hydrogen  throughput  is 
accelerated  to  about  30  times  the  normal  flow  rate  in 
an  oscillating  compact  maser  of  about  2.3  x  10-^  Torr- 
liter/sec.  Data  for  a  100  gram  zirconium  graphite 
getter  sample  is  shown  in  Figure  5.  Some  Interesting 
observations  are: 


(1)  The  getter  has  tremendous  capacity  for  hydro¬ 
gen.  The  100  gram  sample  can  pump  more  than  10*  Torr- 

1 iters  of  hydrogen.  This  is  to  be  compared  with  an 
estimated  hydrogen  consumption  of  about  5  x  10^  Torr- 
litera  in  seven  years  of  normal  oscillating  compact 
maser  operation. 

(2)  The  Initial  pumping  speed  is  very  high.  Even 
though  it  falls  off  with  the  amount  of  hydrogen  pumped, 
the  pump  can  be  designed  to  easily  meet  maser 
requirements. 

(3)  The  deviation  from  exponential  decrease  in 
pumping  speed  after  pumping  about  1500  Torr-liters  of 
hydrogen  is  probably  due  to  enlarged  surface  area  of 
the  getter  due  to  cracking  and  flaking.  Powder  forma¬ 
tion  was  observed  after  the  getter  absorbed  a  few 
hundred  Torr-liters  of  hydrogen.  A  photograph  of  the 
getter  after  absorbing  about  5000  Torr-liters  of  hydro¬ 
gen  is  shown  in  Figure  6.  Powder  confinement  is  a 
critical  requirement  for  maser  getter  pump  design. 
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Figure  5.  Zirconium-graphite  getter  pump 
characteristics,  with  or  with¬ 
out  the  presence  of  elastomers 
in  the  system. 


Figure  6.  Photograph  of  a  100  gram  zirconium- 
graphite  getter  sample  after  pumping 
about  5000  Torr-liters  of 
hydrogen. 


(4)  Elastomers  have  a  deleterious  effect  on 
getter  pump  operation,  as  can  be  seen  from  a  comparison 
of  data  for  Tests  2A  and  2B  shown  in  Figure  5.  Test  2A 
used  a  fresh  getter  sample.  A  viton  0-ring  and  a  small 
sheet  of  teflon  were  purposely  inserted  in  the  vacuum 
chamber.  These  elastomers  were  chosen  because  they  are 
used  in  conventional  maser  designs.  Data  were  taken 
only  after  bake  out  at  about  100°C  for  one  day  followed 
by  a  few  days  observation,  with  no  hydrogen  gas  load, 
to  ascertain  that  the  system  has  completed  the  initial 
high  rate  of  outgassing.  The  lower  pumping  speed  of 
the  getter  in  the  presence  of  elastomers  is  obvious 
from  the  data  shown  in  Figure  5.  To  confirm  this 
result,  the  elastomers  were  removed  from  the  test  cham¬ 
ber.  The  same  getter  sample  was  reactivated  by  the 
normal  procedure  and  its  pumping  characteristics  meas¬ 
ured.  The  results  obtained  denoted  as  Test  2B  are  in 
excellent  agreement  with  those  obtained  in  Test  1. 

(5)  Despite  the  large  hydrogen  throughput,  the 
2  liter/sec  ion  pump  operated  normally  in  the  clean 
test  station.  That  is,  there  were  no  significant  pump 
current  instabilities,  as  can  be  seen  in  Figure  7  which 
shows  the  ion  pump  current  and  ion  gauge  readings  dur¬ 
ing  the  course  of  a  test.  Since  both  readings  are 
proportional  to  the  system  pressure,  differing  by  a 
calibration  factor,  the  tracking  of  the  two  sets  of 
readings,  and  therefore  the  stability  of  the  ion  pump 
current,  is  indicated  by  their  difference  shown  in  the 
bottom  curve  of  Figure  7.  (The  ion  pump  was  not  oper¬ 
ating  during  Test  2A  and  2B  to  avoid  masking  the  dele¬ 
terious  effect  of  the  elastomers  we  were  trying  to 
observe.  As  we  will  see  below,  the  elastomers  are 
probably  detrimental  to  ion  pump  operation  as  well.) 

•>  12974  t 

ION  PUMP  CURRENT  (o).  102  jiA 


Figure  7.  Ion  pump  current  and  ion  gauge  readings 
during  a  getter  capacity  test.  The 
good  tracking  of  the  two  sets  of  read¬ 
ings  reflects  stable  ion  pump  operation 
in  a  clean  system  in  the  presence  of 
large  hydrogen  throughput. 


Combination  Getter-Ion  Pump  System  Operational 
Experience 

Combination  zirconium  graphite  getter  and  ion  pump 
systems  were  used  on  our  prototype  oscillating  compart 
masers,  CHYMNS-I  and  II, ^  with  varying  degree  of  suc¬ 
cess.  The  getter  pumps  were  activated  in  situ  after 
high  vacuum  had  been  established  in  the  maser  using  an 
external  pump.  Immediately  after  getter  activation, 
the  background  pressure  was  at  its  lowest  point  and 
rose  gradually  in  time,  as  indicated  by  an  increase  in 
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the  ion  pump  current.  We  first  attempted  to  explain 
this  behavior  as  being  due  to  degradation  in  the 
pumping  speed  of  the  getter  pump.  Since  CHYMNS-I  and 
II  employed  viton  O-rings  and  had  not  been  baked  to 
high  temperatures,  the  degradation  could  pre(  umably  be 
accelerated.  However,  this  does  not  explain  the  ob¬ 
served  instability  in  the  ion  pump,  which  occurred  in 
3-  to  6-month  intervals,  and  the  technique  we  employed 
to  rejuvenate  the  system.  For  example,  when  ion  pump 
instability  occurs,  the  system  can  be  brought  back  to 
normal  stable  operation  without  the  use  of  an  external 
pump.  The  procedure  consists  of  operating  the  ion 
pump  power  supply  in  the  start  mode  and  letting  a 
controlled  amount  of  hydrogen  into  the  maser  to  cause  a 
thermal  run-away  in  the  ion  pump.  The  hydrogen  supply 
is  then  shut  off  while  the  ion  pump  undergoes  a  self 
bake  out.  The  high  temperature  will  force  most  of  the 
hydrogen  absorbed  in  the  electrodes  of  the  ion  pump  to 
be  released.  Thus,  the  system  pressure  would  rise.  In 
a  few  hours,  the  background  pressure  would  begin  to 
fall,  and  in  due  course,  the  ion  pump  would  begin  to 
function,  leading  to  a  stable  operating  high  vacuum 
again.  This  would  be  good  for  another  3-  to  6-month 
cycle.  Note  that  without  another  pump  to  evacuate  the 
gas  released  from  the  hot  ion  pump,  the  ion  pump  could 
not  start  to  function.  Thus,  the  getter  pump  must  still 
be  functioning  to  absorb  the  hydrogen  and  reduce  the 
background  pressure  to  enable  the  ion  pump  to  function 
again.  This  technique  had  been  successfully  repeated. 

As  noted  earlier,  we  have  not  observed  any  ion 
pump  instabilities  in  our  clean  getter  pump  development 
test  station,  although  the  hydrogen  throughput  is  at 
least  an  order  of  magnitude  higher  than  in  the  maser. 

The  main  difference  is  the  absence  of  elastomers  in  the 
getter  test  station  and  the  fact  that  it  has  been  baked 
out  at  high  temperatures  under  high  vacuum  conditions. 
This  suggests  that  elastomers  may  be  deleterious  not 
only  to  getter  pump  operation  but  also  to  ion  pumps  as 
well.  This  is  due  to  the  fact  that  hydrogen  pumping  in 
ion  pumps  is  predominantly  by  diffusion  into  the  cath¬ 
ode  rather  than  by  chemical  combination  at  the  anode, 
such  as  occurred  for  heavier  molecular  species.  (The 
light  hydrogen  ions  produce  comparatively  little  sput¬ 
tering.)  Therefore,  surface  conditions  and  permeabil¬ 
ity  of  the  cathode  are  critical  factors  in  hydrogen 
pumping.  The  former  is,  of  course,  a  sensitive  function 
of  gas  composition  in  the  system.  This  discussion 
points  out  the  importance  of  eliminating,  or  at  least 
minimizing  the  presence  of,  elastomers  from  the  maser 
vacuum  system.  Cleanliness  and  high  temperature  bake- 
out  capability  are  critical  requirements  of  the  maser 
vacuum  system  design. 


Conclusion 

Reversible  interaction  of  hydrogen  with  metals  and 
alloys  can  be  exploited  to  effectively  solve  the  gas 
handling  problems  in  hydrogen  masers.  A  prototype  of  a 
maser  hydrogen  source  employing  hydride  storage  tech¬ 
niques  has  been  successfully  tested.  With  regard  to 
application  of  getter  pumps  in  the  maser,  several 
design  problems  such  as  powder  confinement  and  getter 
poisoning  remain  to  be  solved.  If  size  and  weight  are 
not  critical  considerat ions ,  zirconium  aluminum  alloy 
(ST-101)^*  may  be  a  more  suitable  getter.  The  large 
surface  area  resulting  from  spraying  the  powdered  get¬ 
ter  on  a  large  mechanical  support  makes  the  getter  more 
resistant  to  poisoning.  Knowing  the  design  criteria, 
the  problems  are  not  insurmountable.  We  believe  that 
getter  pumps  will  contribute  to  greatly  improved  relia¬ 
bility,  along  with  smaller  size,  lower  weight  and  power 
consumption  in  the  maser. 


Acknowledgments 

The  contributions  of  Jack  Levis,  Ted  Calderone, 
and  Lenny  McNulty  in  these  investigations  are  gratefull 
acknowledged . 


References 

1.  G.  Ale f eld  and  J.  Volkl,  Editors,  HvdrL'jgen  in 
Metals  II  (Springer-Verlag,  New  York,  197S>. 

2.  R.F.E.  Vessol  et  al.,  Proc .  Sth  Annual  PIT  I 
(1976);  H.E.  Peters,  Proc.  34th  Annual  Freq.  Cortrol 
Symp.  (1980),  p.  360. 

3.  "HY-STOR"  is  a  trade  name  of  Ergen i os, 
Wyckoff,  N.J. 

4.  "ST-17r'  and  "ST-lOl”  are  trade  names  o: 

SAES  Getters,  Colorado  Springs,  CO. 

5.  H.T.M.  Wang,  “Characteristics  of  Oscilla?;nc 
Compact  Masers,"  Proc.  36th  Ann.  Svnp.  or  Freq. 
Control  (1982),  pp.  244-254. 


AD  P  0  0  2  4  4  5 


r 

COMPACT  RLCTANGL  LAK  CAVITY  I  OR 
RUBIDIUM  VAPOR  l  LLL  FREQUINf  Y  STANDARDS 

M  l  Williams.  T  M  Kwon  and  T  McClelland 

I  Litton  Guidance  and  Control  Systems 

- - .. _ _  ;  5500 Canoga  Avenue 

.  Woodland  Hills  California  91365 


Abstract 


A  new  6.8  GHz  microwave  cavity  design  lor  use  in  rubidium 
vapor  cell  frequency  standards  is  discussed.  The  design  consists  ol  a 
rectangular  cavity  operating  in  the  TL|0|  mode,  partially  loaded  with 
a  low  loss  dielectric  slab.  This  configuration  combines  the  desirable 
ll-ficld  uniformity  of  conventional  cy  lindrical  TLyi  i  cavities  with 
the  reduced  size  advantage  of  cylindrical  TLl  1 1  cavities.  Careful 
selection  of  dimensions  and  dielectric  material  actually  result  in  a 
resonator  substantially  smaller  than  even  the  cy  lindrical  TL]  1 1  cavity  . 
yet  without  significant  degradation  of  field  uniformity.  Test  results 
for  a  cavity  based  on  thisylesign  in  an  operational  Rl.  frequency 
standard  are  presented.  »- 
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I  INTRODUCTION 

Traditionally,  the  microwave  cavity  tor  passive  rubidium  frequency 
standards  has  been  a  cylindrical  resonator  operating  in  the  TLot  1 
mode  Such  a  cavity  produces  a  fairly  uniform  magnetic  field  near  the 
center  along  the  cylindrical  axis,  however,  in  order  to  resonate  at  the 
6  8  GHz  rubidium  hyperfine  frequency  ,  it  must  have  a  diameter 
larger  than  5  cm  (See  Figure  1  )  This  represents  a  severe  constraint 
on  the  minimum  size  of  any  frequency  standard  utilizing  this  cavity 
design,  and  in  order  to  eliminate  this  constraint  other  cavity  config¬ 
urations  have  been  introduced. 

A  cylindrical  cavity  operating  in  the  Tt|  1 1  mode  offers  one 
alternative.  For  a  given  frequency  and  length  to  diameter  ratio  the 
cylindrical  TF  i  |  |  cavity  has  a  diameter  about  I  3  that  of  the  TEoi  I 
cavity.  Unfortunately  the  magnetic  field  configuration  is  less  desir¬ 
able:  being  maximum  at  the  cavity  walls  and  falling  to  zero  at  the 
center  of  the  cavity.  (See  Figure  2  > 

Additional  size  reduction  for  a  given  cavity  is  possible  by 
partially  loading  the  cavity  with  low  loss  dielectric  material  with  a 
high  dielectric  constant.  Although  dielectric  material  in  the  cavity  re¬ 
duces  the  O-factor  because  of  losses,  the  field  lines  are  compressed 
in  the  dielectric  material  and  thus  substantial  size  reduction  is  possi¬ 
ble.  Since  high  Q’s  are  not  necessary  in  passive  devices  this  tradeoff 
is  usually  acceptable  Dielectric-loaded  cylindrical  cavities  of  both 
the  TFoi  1  and  TF(  1 1  configuration  have  been  successfully  used  in 
miniaturized  frequency  standards’-? 

In  this  paper  we  report  the  first  use  of  a  rectangular  cavity 
partially  loaded  with  dielectric  material  in  a  passive  rubidium  freq¬ 
uency  standard.  It  will  be  shown  that  such  a  design  makes  possible 
a  cavity  as  small  or  smaller  than  dielectrically  loaded  cylindrical 
cavities,  while  maintaining  high  magnetic  field  uniformity.  A 
rectangular  cavity  of  this  type  is  the  logical  choice  for  miniaturized 
frequency  standards  which  are  packaged  in  containers  of  rectangular 
cross-section. 

II.  FIELD  EQUATIONS  FOR  DIELECTRICALLY  LOADED 
TE|0l  CAVITY 

We  consider  a  rectangular  cavity  operating  in  the  TEjoi  mode. 

The  field  configurations  in  such  a  cavity  are  (see  Figure  3)3  : 
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If  a  dielectric  slab  is  inserted  such  that  its  face  is  in  the  y-z  plane,  as 
in  Figure  4.  then  two  sets  of  equations  replace  ( 1 1,  with  the  con¬ 
straint  that  the  two  sets  of  equations  satisfy  the  appropriate  boundary 
conditions  at  the  dielectric  boundary  These  boundary  conditions 
can  be  expressed  as 

ll2  cosIk^’St  =  -  A  cos  kx* - 1  ( S-al  l3al 

Fy  j- — jyj  sinkxl,lS  =  -jA  — jrj  sin  kx(-’(S-al  (3bi 

kx  kx 

Dividing  Equation  (3bl  by  Equation  (3a).  an  expression  is  obtained 
which  allows  a  and  S  to  be  determined  for  a  given  d.  u).  e  | .  es 

kx,:,tankxinS  =  kx(  1  >  tan  kx,;>  (S-al  <•*) 

The  configuration  of  interest  results  for  the  special  case 

kv(**  -  0.  or  ui-  n(  =  4^  <s; 

Then  Equation  (4)  becomes. 

tan  kx(-’ (S-ai  =  k x‘ ~ .  (6) 

and  the  fields  become. 
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where 


A  =  ^  I  +  (kx(:)Sf  (8) 

As  can  be  seen  from  Equation  (7a)  the  lortgitudinal  magnetic  field  in 
the  air  space.  H*<  I '.  is  a  function  only  of  the  z-coordinate.  so  a 
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relatively  homogeneous  held  is  obtained  in  the  region  where  the  Kb 
eell  is  located  The  fields  are  plotted  in  Figures  5,  b  and  7. 

The  cunent  (low  in  the  walls  of  a  cavity  is  always  perpendicular 
to  the  direction  of  the  tangential  H-fteld  at  the  walls.  In  this  cavity, 
for  i  =  0,  d.  II  =  Hx\,  and  thus  current  Hows  only  along  the  >  - 

JT 

axis  in  the  end  faces.  Furthermore,  at  X  =  Xn  -  a  +  , ,  .  tor  any 

-  «  -k>H 

value  ot  Z,  R  =  HxX:  and  thus  current  flows  along  the  line  X  =  Xo  in 
the  top  and  bottom  faces.  A  cavity  of  this  type  can  thus  be  con¬ 
structed  from  two  pieces  joined  together  in  the  y -z  plane  at  X  =  Xo. 
without  significant  degradation  of  cavity  0  due  to  poor  electrical 
contact. 

The  overall  dimensions  of  this  cavity  are  not  completely  deter¬ 
mined  by  the  above  choice  of  parameters  The  "b”  dimension  does  not 
enter  the  expressions,  so  it  remains  a  free  parameter  The  “a"  dimen¬ 
sion  depends  on  the  width  of  the  air  space  using  F.quation  (61.  “a"  can 
be  calculated  as  a  function  of  S  for  any  desired  value  ot  the  dielectric 
constant.  e2  The  d  dimension  is  fixed  for  a  rectangular  cavity  .  being 
just  Xg  2.  in  this  case  this  reduces  to  I  '7  the  free  space  wavelength, 
from  Tquation  (5) 

III  FXPFRIMFNTAL  CAVITY  PLRFORMANCI 

We  have  designed  a  cavity  based  on  (he  principles  of  Section  II. 
using  a  machinable  glass-ceramic,  as  the  dielectric  material  u  =  b. 
tan  S  -  0  007).  The  cavity  dimensions  are  a  =  0.“’  in.,  b  =  0  5  in., 
d  =  0.8  in.,  and  the  width  of  the  dielectric  slab  is  0  7  in 

The  cavity  is  constructed  from  two  pieces  of  metal  joined  in  a 
plane  parallel  to  the  surface  current  flow  Cavity  tuning  is  accom¬ 
plished  with  a  tuning  screw  inserted  along  the  inside  edge  of  the 
dielectric  The  cavity  resonance  is  excited  by  the  S "’th  harmonic  of  a 


I  70  MHz  input  signal,  generated  in  a  step  recovery  diode,  and  .ouplcd 
to  the  cavity  via  a  loop.  In  order  to  monitor  the  Rb  resonance,  holes 
0  ,170"  in  diameter  are  cut  ill  the  ends  ot  the  cavity 

The  theoretical  value  ot  Q  for  this  cavity  (ignoring  the  end  holes, 
and  losses  in  the  Rb  vapor  cell)  is  1 60  The  measured  Q-  with  a 
resonance  cell  inside,  is  «*50  This  value  is  much  smaller  than  the 
theoretical  value  because  ot  hisses  through  the  end  holes  and  in  the 
Rb  resonance  cell 

This  canty  design  has  been  incorporated  into  a  working  passive 
Rb  frequency  standard  A  typical  Rb  resonance  dispersion  curve  tor 
such  a  device  is  shown  in  Figure  8.  From  this  curve  the  Allan  variance 
lor  a  1  second  averaging  lime  is  estimated  to  be  o,.  (T  =  1  sec)  = 
4.7x10-1-.  5 
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Abstract 


Due  to  its  small  size,  rapid  warm-up.  and  low  power  consumption, 
the  rubidium  vapor-cell  frequency  standard  unit  appears  to  be  the  best 
candidate  for  most  current  and  near-term  tactical  frequency  standard 
applications.  It's  performance  under  vibration  environments,  how¬ 
ever,  remains  to  be  improved.  Sources  of  vibration-induced  frequency 
instabilities  in  a  rubidium  frequency  standard  are  reviewed  Demon¬ 
strated  in  this  paper  is  the  improved  vibration  performance  of  a 
rubidium  frequency  standard  with  the  VCXO  frequency  being  tightly 
servo-controlled  to  the  atomic  resonance  reference.  Technical 
challenges  associated  with  such  a  mechanization  are  briefly  discussed. 
The  measured  phase  spectral  density  of  a  rubidium  frequency 
standard  with  servo-loop  bandwidth  of  ~100  Hz  is  shown  - 

Introduction 

The  need  for  an  airborne  tactical  frequency  standard  is  growing 
rapidly  in  both  quantity  and  quality.  Quartz  crystal  oscillators  have 
been  used  almost  exclusively  for  these  applications.  Today,  several 
tactical  military  applications  require  frequency  performance  beyond 
the  level  that  the  state-of-the-art  crystal  oscillators  can  offer.  In 
addition,  the  frequency  standards  for  tactical  applications  demand 
small  size,  rapid  warm-up,  and  low  power  consumption  Among  the 
available  technologies,  the  rubidium  vapor-cell  frequency  standard 
appears  to  be  the  best  lit  for  most  current  and  near-term  tactical 
frequency  standard  applications. 

The  output  of  a  rubidium  frequency  standard  is  that  of  a  voltage- 
controlled  crystal  oscillator  (VCXO).  the  frequency  of  which  is 
servo-controlled  to  the  clock  transition  frequency  of  rubidium  atoms 
Bandwidth  of  the  servo-loop  in  a  typical  rubidium  frequency 
standard  is  a  few  Hz.  The  vibration-induced  sidebands  in  the  VCXO. 
therefore,  appear  directly  in  the  output  of  a  rubidium  frequency 
standard,  when  the  unit  is  subjected  to  vibrational  environments. 

The  vibration  inputs  under  the  tactical  environments,  may  be  a 
few  Hz  to  a  few  thousand  Hz  with  accelerations  as  high  as  + 1  Og  peak, 
a  situation  in  which  no  rubidium  frequency  standard  available  to  date  can 
maintain  its  stable  frequency  output.  Overall  frequency  performance 
of  a  rubidium  frequency  standard  under  vibration  can  be  considered 
to  be  worse  than  that  of  a  free  running  VCXO.  if  one  takes  into 
account  the  erroneous  output  frequency  resulting  from  the  vibration- 
induced  pertubation  of  the  control  servo-loop.  In  order  to  utilize 
the  rubidium  frequency  standard  technology  advantageously  for  the 
tactical  applications,  it  is  imperative  to  improve  its  vibration  per¬ 
formance  beyond  what  is  available  to  date. 

Vibration  performance  of  a  rubidium  frequency  standard  is 
improved  by  a  servo-loop  bandwidth  that  is  substantially  higher 
than  that  of  a  conventional  rubidium  frequency  standard.  The  idea 
behind  this  is  to  lock  the  inherently  vibration  sensitive  VCXO  output 
frequency  tightly  to  the  inherently  vibration-insensitive  clock 
transition  frequency  of  rubidium  atoms.  This  idea  is  not  new  having 
been  the  subject  of  discussions  within  the  time  and  frequency 
community,  but  has  not  been  realized,  to  our  knowledge,  in  a 
rubidium  frequency  standard. 


made  typically  in  the  time  domain  (rather  than  in  the  frequency 
domain).  The  vibration  frequencies  at  which  significant  frequency 
instabilities  appear  to  occur  may  be  categorized  as  follows 

I  ■  fv  *  fm.  where  fv  and  fm  are  the  vibration  frequency  and  the 
frequency  of  modulation  of  the  phase-sensitive  detector  in 
the  servo-loop,  respectively 

2.  tv  =  2  I'm 

3.  Low  vibration  frequencies. 

The  vibration  simulation  tests  indicate  that,  in  the  region  of  fv  ~ 
tm.  the  frequency  fluctuations  are  caused  by  the  spurious  modulations 
in  the  light  intensity  present  at  the  photodetector  The  interference 
signal  is  generated  by  the  mechanical  translations  of  physics  compon¬ 
ents  with  respect  to  each  other  .  and  is  seen  as  a  perturbation  to  the 
servo-loop.  When  fv  -  2  lm.  the  significant  effect  comes  from  the 
vibration-induced  sidebands  of  the  VCXO.  The  sideband  intermodula- 
tes  the  modulated  signal  of  rubidium  resonance  resulting  in  a  spurious 
frequency  component  at  fm  This  component  is  seen  as  a  perturba¬ 
tion  by  the  servo-loop  in  an  analogous  manner  to  the  case  of  l\  =  f,„. 
The  subject  of  servo-loop  perturbation  is  beyond  the  scope  of  this 
paper,  and  will  he  published  in  a  separate  paper. 

The  frequency  instabilities  at  low  vibration  frequency  arise 
from  vibration-induced  sidebands  of  the  VCXO.  Although  such 
sidebands  exist  at  a II  vibration  frequencies,  observation  of  the  freq¬ 
uency  instabilities  is  limited  to  the  bandwidth  of  the  time  domain 
measurement  system 

At  the  lower  end  of  the  low  vibration  frequency  spectrum. 

R.  Filler  has  shown  that  there  exist  discrete  vibration  frequencies  at 
which  the  power  at  the  resonance  interrogation  frequency  6.8  GHz. 
becomes  identically  zero. 2  Results  are  elaborated  in  Figures  I  and  2 
The  power  of  6.8  GHz.  which  is  generated  by  frequency  multiplica¬ 
tion  of  10  MHz  VCXO  output,  is  plotted  as  a  function  of  vibration 
frequency  at  constant  acceleration  ol  d  lOg  peak.  Acceleration 
sensitivity  of  a  VCXO.  y  =  2  x  10'9/g,  is  assumed  in  Figure  1  Com¬ 
plete  loss  of  the  6.8  GHz  power  is  apparent  up  to  fv  =  70  Hz.  At  such 
discrete  vibration  frequencies,  the  rubidium  frequency  standard  no 
longer  functions  as  a  frequency  standard  Figure  2  is  the  case  for 
7  =  2  x  10-10/g  corresponding  to  the  state-of-the-art  VCXO.  where 
no  loss  of  the  6.8  GHz  power  occurs  beyond  fv  «=  1  Hz.  The  choice 
of  the  appropriate  acceleration  sensitivity  of  VCXO  appears  to  be 
the  key  to  the  tactical  rubidium  frequency  standards. 

At  the  higher  end  of  the  low  vibration  frequency  spectrum,  say. 
fv  Z  7  Hz  in  the  example  of  7  =  2  x  10-10/g.  the  vibration-induced 
sidebands  appear  directly  in  the  output  if  they  are  not  controlled  In 
the  servo-loop. 

The  vibration-induced  frequency  instabilities  in  this  region  are  to 
be  improved  by  the  increased  servo-loop  bandwidth  as  discussed 
below. 


Frequency  Stability  Under  Vibration 


Sources  of  Vibration  Sensitivities 

Transler  of  frequency  stability  from  an  atomic  frequency  refer- 

The  output  frequency  instabilities  induced  by  vibration  in  a  cnee  •<’  'be  VCXO  has  been  discussed  by  J  Vanier.  et.  al3 .  In  a 

rubidium  frequency  standard  have  been  the  subject  of  a  few  pub-  passive  atomic  frequency  standard,  the  phase  spectral  density  .S^U'l. 

lished  papers. '  Observations  of  such  instabilities  have  heen  ol  its  output  frequency  is  shown  to  be 
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Figure  1.  Microwave  Power  vs.  Vibration  Frequency  for 
7  =  2  x  1 0'9/g 
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Figure  2.  Microwave  Power  vs.  Vibration  Frequency  for 
7  =  2  x  1 0- 1  °/g 


where  S0q(f)  and  S0r(f)  are  the  phase  spectral  density  of  the  free 
running  VCXO  and  of  the  atomic  reference,  respectively,  as  a  func¬ 
tion  of  frequency,  f.  fn  is  bandwidth  of  the  servo-loop,  in  which  an 
integrator  is  used  as  a  filter. 

We  consider  the  case  where  only  the  phase  spectral  density  of  the 
VCXO  is  affected  by  vibration : 

s*<n  =  s5q<n  +  s^(n«(f-fv)  .  ut 

where  fv  is  the  vibration  frequency,  and  the  superscripts,  o  and  v, 
denote  the  VCXO  phase  spectral  density  under  static  and  vibration 
conditions,  respectively. 

In  a  typical  VCXO,  the  vibration-induced  sidebands  are  described 
by  frequency  modulation  with  small  modulation  index,  in  which  case 
most  of  the  power  is  in  the  carrier  and  only  a  small  amount  is  in  the 
first  upper  and  lower  sideband.  The  ratio  of  the  amount  of  power 
carried  by  the  first  sidebands  to  the  power  remaining  in  the  carrier. 
t ,  is  shown  to  be5  : 


where.  f0  is  the  carrier  frequency  ol  VCXO.  and  Ap  is  the  peak 
acceleration  in  units  of  g.  The  vibration-induced  sideband  represents 
deterministic  noise.  It  shows  up,  however,  as  a  discrete  frequency 
component  in  the  plot  of  S0(f)  versus  f  at  f  =  t\  The  magnitude  of 
phase  spectral  density  of  such  a  frequency  component  is  equivalent 
to  that  given  in  Equation  (3)  from  the  fact  that  the  peak  phase  devia¬ 
tion  of  the  VCXO  frequency  is  much  less  than  one  radian4,  i.e. 

S0q<O~£(fv>  (4) 

Substituting  Equations  (2)  and  (4)  into  Equation  ( I),  we  arrive  at  an 
expression  for  phase  spectral  density  of  a  servo  controlled  VCXO  in  a 
passive  frequency  standard  subjected  to  sinusoidal  vibrations 

Allan  variance  is  calculated  through  the  relation3 


where,  r  is  the  averaging  time  and  fc  is  the  cutoff  frequency  of  the 
one-pole  filter  assumed  to  be  present  at  the  input  of  the  Allan 
variance  measurement  system 

For  graphic  demonstration  of  the  effect  of  servo-loop  band¬ 
width  on  the  frequency  stabilities,  the  following  values  are  assumed 


S.Jf)  =  20xl0'18-!r  +  1 .8  x  10"*  *  -4  (6a) 

v  I-  f-’ 

S0q(f)  =  1.0  x  I0'9  +  1  x  I0’13  (6bl 

7  =  3  x  IO"!0/g  (6c) 

t0  =  10  MHz  ibd) 


Shown  in  Figure  3  is  the  phase  spectral  density  calculated  from  Equa¬ 
tion  (1).  The  two  lower  curves  in  Figure  3  are  the  phase  spectral 
density  under  static  conditions  for  bandwidth  of  1  Hz  and  of 
100  Hz.  For  the  values  assumed  in  Equations  (6a)  and  (6b).  the  in¬ 
creased  servo-loop  has  resulted  in  degraded  short-term  noise  at  a 
static  environment.  The  upper  two  curves  in  Figure  3  represent  the 
point-to-point  connections  of  the  varying  peak  values  of  vibration- 
induced  sideband  for  bandwidth  of  1  Hz  and  of  100  Hz  as  the 
vibration  frequency  is  varied.  Constant  acceleration  of  ±5g  peak  is 
assumed  throughout  the  vibration  frequency  spectrum  Improved 
servo-loop  bandwidth  is  explicit.  Figure  4  is  the  data  taken  from 
Litton  engineering  model  tactical  rubidium  frequency  standard 
(TRFS).  The  vibrating  VCXO  is  simulated  in  the  measurement. 

Good  agreement  between  Figures  3  and  4  justifies  the  analytical 
predictions  of  Equation  ( 1 ). 

Allan  variances  calculated  numerically  from  Equation  (5)  are 
shown  in  Figures  5  and  6  for  a  servo-loop  bandwidth  of  1  Hz  and  of 
100  Hz,  respectively.  Sinusoidal  vibration  of  5  Hz.  t5g  acceleration 
is  assumed  for  both. 

Implementation  of  Increased  Servo-Loop  Bandwidth 

Implementation  of  increased  servo-loop  bandwidth  has  its  own  set 
of  technical  challenges.  In  the  conventional  passive  frequency 
standards,  the  excellent  short-term  stability  of  VCXO  is  directly 
transferred  to  the  output  of  the  frequency  standard.  With  increased 
servo-loop  bandwidth,  the  short-term  stability  of  its  output  frequency 
becomes  that  of  the  atomic  reference.  As  was  demonstrated  in 
Figure  3.  there  exists  a  potential  of  degraded  short-term  stability 
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Figure  .1.  Phase  Spectral  Density  vs.  Frequency  as  a  Function  of 
Servo-Loop  Bandwidth 
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Figure  6.  Allan  Variance  for  Servo-Loop  Bandwidth 
of  100  Hz 
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Figure  4.  Measured  Phase  Spectral  Density  vs.  Frequency  as  a 
Function  of  Servo-Loop  Bandwidth 
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Figure  5.  Allan  Variance  for  Servo-Loop  Bandwidth  of  I  Hz 


with  an  increased  servo-loop  Bandwidth,  if  the  atomic  reference 
stability  is  not  belter  or  comparable  to  that  of  the  VCXO. 

In  order  to  mechanize  the  increased  servo-loop  bandwidth,  the 
modulation  frequency  must  be  higher  than  the  desired  bandwidth5 
It  has  been  determined  empirically  in  this  laboratory  and  by  others 
analytically5  6  that  the  increased  modulation  frequency  may  he 
employed  w  ith  no  serious  degradation  in  stabilities  of  the  atomic 
resonance  reference.  Both  sinusoidal  and  squarewave  modulation 
may  be  implemented  with  modulation  frequency  lower  than  or  higher 
than  the  linewidth  of  the  atomic  resonance. 

For  a  given  slope  ot  the  atomic  resonance  frequency  discriminator, 
the  servo-loop  bandwidth  can  be  further  increased  by  increasing 
electronic  gain  of  the  servo-loop.  The  increased  gain  makes  the 
control  loop  susceptible  to  spurious  noise. 


Summary  and  Acknowledgement 

We  have  shown  that  frequency  performance  of  a  rubidium  tre- 
quency  standard  under  tactical  vibration  environments  is  improved 
by  increasing  the  bandwidth  of  the  VCXO  servo-control  loop  Dis¬ 
cussed  briefly  are  the  technical  challenges  associated  w  ith  the  in¬ 
creased  bandwidth.  Bandwidth  •»  100  MHz  is  implemented,  lor  the 
first  time  to  our  know  ledge,  in  a  rubidium  frequency  standard  unit 

Authors  are  indebted  to  II  Williams  and  W  Debley  for  their 
helpful  discussions.  This  work  is  supported  in  part  by  the  U.S.  Air 
Force  Rome  Air  Development  Center  Lleclronic  Systems  Division 
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ULTRA-STABLE  LASER  CLOCK, 
SECOND  GENERATION 


Lieutenant  Roqer  Facklam 
AFWAL/AAAN-1 

Wright-Patterson  AFB,  Ohio 


Summary 


The  Air  Force  has  requirements  for  both  high 
accuracy  timing  sources  and  precision  inertial 
navigation  systems  for  advanced  fighter  aircraft. 
The  author  has  devised  a  method  of  using  a  modified 
multi -frequency  ring  laser  gyro  (RLG)  simultaneous¬ 
ly  as  a  gyro  and  a  clock.  This  device  uses  a 
multi -frequency  RLG  with  auxiliary  detectors  to 
sense  two  beat  frequencies  (each  at  about  582  MHz ) 
and  necessary  electronics  to  combine  them  and 
produce  a  5MHz  clock  signal.  The  advantage  of  the 
laser  clock  will  be  size,  costs,  and  redundancy. 
The  aircraft  that  already  has  an  RLG  navigator  will 
then  only  require  the  addition  of  detection  and 
output  electronics  to  implement  the  clock  function. 
This  additional  equipment  will  add  very  little  to 
the  acquisition  and  maintenance  costs  for  the  RLG 
navigator.  A  three  axis  navigator  could  have  three 
clocks,  thereby  providing  redundancy. 

-'•"^'This  paper  is  a  continuation  of  the  work 
presented  TarsT  'year  at  the  Frequency  Control 
Symposium.  The  ring  laser  used  is  a  Raytheon  R8-25 
which  is  a  non-planar  He-Ne  laser  whose  optical 
path  length  is  25.69  cm.  The  best  data  from  last 
year  was  taken  on  laser  #68  which  was  an  operation¬ 
al  prototype  RLG.  Two  main  error  sources  were 
evaluated;  (J)  the  quantum  limit  imposed  by  the 
Heisenburg  uncertainty  principle,  and  -(2)  the 
temperature  induced  drift  in  the  frequency  shift 
caused  by  the  Faraday  rotator.  The  current  work 
does  not  attempt  to  reduce  the  quantum  limit,  which 
could  be  done  by  increasing  the  laser  power  and/or 
the  cavity  Q.  Improvements  in  the  quantum  limit 
would  require  building  a  new  laser  and  funding  was 
not  available  for  a  new  laser.  The  current  effort 
addresses  improvement  in  the  Faraday  rotator 
frequency  drift  as  a  function  of  temperature.  The 
new  electronics  has  one  detector  to  measure  the 
clockwise  beat  frequency  and  a  second  to  measure 
the  counterclockwise  beat  frequency.  The  two  beat 
frequencies  are  summed  and  then  divided  down  in 
frequency  to  near  5MHz.*. - 

The  RLG  clock  is  a  transfer  frequency  standard 
which  must  be  set  to  a  reference  before  use. 
Setting  could  be  accomplished  by  using  the  Global 
Positioning  System,  the  Joint  Tactical  Information 
Distribution  System,  radar  techniques,  or  physical¬ 
ly  connecting  a  time  standard  to  the  RLG  clock. 

Key  Words:  Helium-Neon,  Laser,  Ring  Laser, 
Clock,  Frequency  standard.  Transfer  Frequency 
standard. 

I.  Background 

The  objective  of  this  paper  is  to  demonstrate 
the  feasibility  of  using  a  four-frequency  ring 
laser  to  simultaneously  provide  gyro  and  clock 
outputs.  The  test  of  the  first  generation  clock 
took  place  In  March  and  September,  1982.  The 
second  generation  tests  were  conducted  in  February, 
1983.  Some  application  of  precision  timing  sources 
are  bi-static  radar,  secure/anti-jam  communicat¬ 
ion,  and  aircraft  Identification  avionics. 
Precision  navigation  is  needed  to  support  fighter 
aircraft  missions. 


II.  Theory 


The  two  desirable  characteristics  of  a  fre¬ 
quency  standard  are  the  narrowness  of  the  signal  in 
frequency  space  and  the  stability  of  the  center 
frequency  as  a  function  of  time.  The  ultimate 
narrowness  of  the  laser  clock  frequency  is  deter¬ 
mined  by  the  quantum  limited  laser  linewidth.  The 
first  generation  laser  clock  had  a  long  term 
frequency  drift  caused  by  the  temperature  induced 
drifting  of  the  Faraday  rotator  frequency  shift. 
The  second  generation  laser  clock  had  a  long  term 
drift  frequency  caused  by  dispersion  effects.  The 
theory  section  will  cover  clock  characterization, 
laser  cavity  physics,  gyro  operation,  first  gener¬ 
ation  clock/gyro  operation,  second  generation 
clock/gyro  operation,  and  optical  dispersion. 

Clock  Characterization 

Clock  accuracy  is  characterized  by  the 
standard  deviation  of  the  frequency  fluctuations 
and  may  be  written  as 


Ufk  +  ,  -  Afk)2 


o  (t)  =  _1_ 
vc 

2ht 


and  v  is  the  nominal  frequency,  m  is  the 
numberof  measurements,  t  is  the  integration  time, 
is  the  integrated  phase  error,  afk  is  the 

kth  measurement  of  the  frequency,  and  o  ( t)  is 
the  Allan  variance. 1  ” 


Laser  Cavity  Physics 


The  ring  laser  clock/gyro  produces  four  laser 
frequencies.  The  cavity,  shown  in  Figure  1,  is 
non-planar  and  allows  only  circularly  polarized 
1  ight  to  exist. 
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Figure  1  Ring  Laser  Gyro/Clock 

The  cavity  also  produces  a  frequency  difference 
between  the  right  and  left  hand  circularly  polariz¬ 
ed  ( RHCP  &  LHCP)  modes. 
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quency  given  by 


The  average  beat  freouency  between  RHCP  and  LHCP 
given  by 


is 

(2) 


where  c  is  the  speed  of  light  in  a  vacuum,  n  is  the 
index  of  refraction,  1  is  the  physical  pathlength 
and  nl  is  the  average  optical  pathlength.2 

~The  configuration  shown  in  Figure  1  contains  a 
Faraday  rotator,  which  is  a  non-recip"JC,  '  optical 
device  that  uses  the  Faraday  effect  to  shift  the 
frequency  of  the  CW  mode  from  the  frequency  of  the 
CCW  mode. 

The  Faraday  induced  frequency  shift  is  given 
by 


‘  c  4p  (3) 

“nl 

where  Ap  is  the  phase  shift  between  CW  and  CCW 
modes. 1  This  is  shown  as  the  separation  between  1 
and  2,  or  3  and  4  in  Figure  2. 

Gyro  Operation 

The  ring  laser  operates  as  a  gyro  due  to  the 
relativity  effect  that  causes  the  frequency  of  the 
CW  and  CCW  modes  in  a  ring  laser  to  differ  depend¬ 
ing  on  rotation  rate.  The  output  is  obtained  by 
optically  beating  the  LHCP  modes  and  the  RHCP 
modes,  and  then  differencing  the  two  beat  frequenc¬ 
ies  by  means  of  a  mixer  to  produce  the  gyro  output. 
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Figure  2  Four  modes  on  gain  curve  with  Faraday 
rotator  (not  to  scale) 


This  can  be  done  as  shown  in  Figure  3.  The  gyro 
output  vgyro  is  given  by 


gyro 


a  S' 


(4) 


where  n  is  the  angular  input  rate,  v-  is 

1 

the  frequency  of  the  il  mode,  and  S  is  the 
scale  factor  of  the  gyro.3 
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Figure  3  Possible  Gyro  Electronics 


First  Generation  Clock/Gyro  Operation 

The  first  laser  clock  produced  a  clock  fre- 


vclock  (CW)  =  v4  '  V1 

(5a) 

or 

(5b) 

vclock  (CCW)=  v3  '  v2 

where 

the  v  1(Jck  (CW)  is  about  800  KHz 

higher 

than 

vciock  (CCW).  The  clock  processing 

electron- 

ics  are  shown  in  Figure  4. 
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Figure  4  First  Generation  Clock  Electronics 


The  two  optical  frequencies  (having  a  538  MHz  beat 
frequency)  are  focused  on  an  avalanche  photodiode. 
The  signal  is  amplified  and  filtered.  The  output 
can  then  be  taken  directly  or  counted  down  by  120. 

Second  Generation  Clock/Gyro  Operation 

The  clock  frequency  drift  in  the  first  gener¬ 
ation  laser  clock  was  due  to  un-compensated  temper¬ 
ature  effects  in  the  Faraday  rotator.  The 
Faraday  frequency  temperature  drift  Avc  is  given 
by 


=  («i  +  ue  (n-1 ) )  AT  (6) 

VF 

where  vF  is  the  Faraday  induced  frequency  shift, 

Avp  is  the  Faraday  frequency  temperature  drift, 
AT  is  the  change  in  temperature,  is  the 

temperature  coefficient  of  the  index  of  refraction 
and  ag  is  the  coefficient  of  expansion  of  the 

Faraday  rotator.3  The  Faraday  rotator  temperature 
sensitivity  can  be  compensated  by  use  of  dual 
detectors  and  implementing  the  second  generation 
electronics  are  shown  in  Figure  5. 
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Figure  5  Second  Generation  Clock  Electronics 
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The  Faraday  stabilized  clock  frequency  is 
given  by 

vclock  =  (v4  -  vl>  +  (v3  ‘  v2}  (7) 

When  the  Faraday  effect  increases,  (v^.  -  Vj)  is 
increased  by  the  same  amount  that  (v^  -  v^) 

decreases,  thus  holding  a  constant  sum.  This 

should  allow  the  clock  to  remain  at  the  quantum 
limit  for  longer  time  periods.  The  quantum  limited 
frequency  uncertainty  A\Jq(t)  is  given  by 

&vn( t)  =  vo  /^o  (8a) 

0  “(J  v  WT 

where 

q  =  (8b) 

2nP 

and  vQ  is  the  laser  frequency,  h  is  Planck's 

constant,  Q  is  a  measure  of  the  resonantors 
ability  to  store  energy,  P  is  the  circulating 
power,  t  is  the  measuring  time,  and  E  is  the  stored 
energy.4  The  quantum  limit  for  the  clock  (QLC)  is 
the  ratio  of  the  quantum  limited  frequency  uncer¬ 
tainty  to  the  clock  frequency  and  is  given  by5 

QLC(t)  =  AvQ(t)  (9) 

vclock 

Optical  Dispersion 

The  clock  frequency  in  terms  of  the  free 

spectral  range  is  given  by 

'•’clock  =  VFSR  '  ''d.tot  (10) 

where  ucloc((  is  the  clock  frequency,  vFRS  is  the 
free  spectral  range,  and  tQt  is  sum  of  the  fre¬ 
quency  pull-in  for  all  four  modes.6  The  frequency 

pull-in  for  the  ith  mode  is  given  by 


standard  by  using  a  mixer  and  measuring  the  differ¬ 
ence  frequency  using  a  counter.  The  counter 
measures  the  frequency  for  an  integration  time  i 
and  the  calculator  uses  this  data  to  compute  the 
Allan  variance.  The  laser  clock  output  was  fed  to 
the  mixer  (HP  10830A),  as  was  the  frequency 
synthesizer  (HP  8660C)  output.  The  reference  for 
the  frequency  synthesizer  and  the  counter  was  the 
Loran  C  cesium  based  system.  The  output  of  the 
mixer  was  fed  info  the  counter  which  was  controlled 
by  the  HP  9825B  calculator.  The  calculator 
controls  the  counter  and  calculates  the  Allan 
variance  as  given  in  (1).  The  calculator  outputs 
were  produced  using  the  HP  9871  printer/plotter. 
This  configuration  provides  the  highest  accuracy 
system  available. 


Figure  6  Experimental  Setup 

The  test  clock  data  for  the  first  generation 
laser  clock  is  shown  in  Figures  7  and  8.  Figure  7 
shows  the  data  sets  containing  the  best  data  points 
for  measurement  times  of  1  msec,  10  msec,  and  IOC 
msec. 


AvD  20  1  +  4((vQ  * 

where  vQ  is  the  linecenter  frequency  of  the  gain 

curve,  is  the  frequency  of  the  itfl  mode,  1  is 

the  angular  frequency  of  linecenter,  and  fiv-  is 
the  normalized  Doppler  linewidth.6  The  normarized 
Doppler  linewidth  is  a  function  of  discharge 
current  and  the  temperature.  The  Q  of  the  cavity 
can  be  a  function  of  time  if  the  cavity  is  aging. 
An  active  current  controller  for  the  discharge 
current  might  be  necessary  to  enable  the  device  to 
work  over  a  temperature  range  and  to  compensate  for 
aging. 

III.  Experiment 

The  experimental  setup  shown  in  Figure  6  was 
used  to  measure  the  stability  of  the  laser  clock 
frequency.  The  frequency  measurement  system  used 
is  the  Hewlett  Packard  5390A.  The  laser  clock 
frequency  was  compared  to  an  external  frequency 
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Figure  7  First  Generation  Clock  Data 


Figure  8  shows  the  data  sets  containing  the 

best  data  points  for  measurenent  times  of  1  sec,  10 
sec,  and  100  sec.  The  data  for  measurement  times 
from  1  to  100  msec  are  quantum  limited.  The 
Faraday  drift  affects  the  data  for  measurement 
limes  greater  than  0.1  sec  and  therefore  the  value 
of  0^(1)  increased. 
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Figure  8  First  Generation  Clock  Data 


Figure  9  shows  a  comparison  of  the  frequency 
stability  of  an  HP  10811  quartz  oscillator  (Q), 
an  HP  5065A  rubidium  atomic  clock  (R),  and  an 
HP  5062C  cesium  atomic  clock  (C).  The  best  laser 
clock  data  falls  in  the  region  between  the  cesium 
and  rubidium  standards  for  measurement  times  of  1 
msec  to  .3  sec.  The  Faraday  drift  then  starts  to 
degrade  the  laser  clock  stability. 
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Figure  9  First  Generation  Stability  Comparison 


The  long-term  drift  shown  in  Figure  10  is 
30.5  mHz/sec.  Figure  10  also  shows  that  the 
narrowest  linewidth  measured  was  50  mHz. 
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Figure  10  First  Generation  Error  Analysis 

It  is  estimated  there  was  also  a  higher 
frequency  fluctuation  in  the  operating  temperature 
as  shown  in  Figure  13. 


Time  (SEC) 

Figure  11  First  Generation  Estimated  Temperature 
Drift 

The  short-term  data  was  affected  by  this 
temperature  fluctuation  and  the  associated  impact 
on  the  Faraday  rotator  but  by  picking  the  best 
data,  this  effect  was  minimized.  The  first  gener¬ 
ation  longterm  data  always  has  the  Faraday  induced 
drift  present;  and  understandably  even  the  best 
data  shows  the  drift.  The  single  error  bar  in 
Figure  10  shows  plus  or  minus  a  factor  of  two.  The 
data  obtained  in  the  first  test  was  taken  while  the 
laser  was  not  temperature  controlled.  The  data 
taken  under  temperature  control  is  shown  in  Figure 
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Figure  12  Test  With  First  Generation  Laser  In 
Temperature  Controlled  Oven. 

The  second  generation  laser  clock  electronics 
does  eliminate  the  error  caused  by  the  Faraday 
rotator.  The  errors  due  to  optical  dispersion 
effects  caused  by  the  aging  of  the  laser  and 
temperature  are  net  eliminated.  The  next  two 
paragraphs  outline  two  methods  of  active  dispersion 
control . 

Figure  13  shows  the  first  method  of  optical 
dispersion  control.  The  laser  power  level  of  the 
right  hand  circularly  polarized  (RH CP)  and  left 
hand  circularly  polarized  (LHCP)  modes  is  sensed  by 
the  pathlength  control  circuit.  The  power  level  of 
either  the  RHCP  or  LHCP  nodes  is  measured  by  a 
voltmeter.  The  Fluke  computer  controls  the 
measurement  gate  time  of  the  voltmeter  and  reads  in 
the  voltmeter  measurement  via  an  IEEE  addressable 
bus.  The  Fluke  then  calculates  a  laser  discharge 
current  correction  value  in  digital  form.  This 
digital  signal  is  sent  to  the  digital  tc  analog 
converter  where  it  is  converted  to  an  analog 
control  signal.  This  signal  is  sent  to  the  laser 
discharge  control  circuitry  which  adjusts  the  laser 
discharge  current  depending  on  the  analog  control 
voltage.  The  control  loop  is  implemented  with  an 
attack  time  which  is  approximately  equal  to  the 
voltmeter  measurement  gate  time  plus  computation 
time. 


Figure  13  Method  One  For  Active  Dispersion 
Control 

Figure  14  shows  the  second  method  of 
dispersion  control.  This  method  compares  the  laser 
beat  frequency  between  adjacent  modes  to  an 
external  reference  frequency  standard  and  generates 
a  control  signal  which  is  sent  to  the  laser 
discharge  control  circuitry.  In  detail  this  is 
done  as  follows:  the  laser  clock  output  is  input 
to  a  mixer  along  with  the  output  from  a  LORAN  C 
stabilized  frequency  synthesizer.  The  output  of 
the  mixer  is  the  beat  frequency  between  the  laser 


clock  and  LORAN  C  signals.  The  mixer  output  is 
input  to  a  counter  which  is  controlled  by  the  Fluke 
calculator.  The  calculator  uses  the  beat  frequency 
as  an  input  to  a  program  which  computes  the  laser 
discharge  current  correction  in  digital  form.  This 
digital  signal  is  sent  to  the  D/A  converter  where 
it  is  converted  to  an  analog  control  voltaae. 


Figure  14  Method  Two  For  Active  Dispersin' 
Control 

Figure  15  shows  a  plot  of  the  Allan  Variance 
for  different  configurations  vs.  integration  tire 
in  seconds.  There  are  three  sets  of  laser  clock 
data.  The  first  set  of  data  is  shown  as  triangles 
and  shows  the  long  tern  aging  drift  of  AO  Hz  pet- 
hour.  The  second  data  point  is  shown  by  the  box 
and  was  obtained  by  using  the  first  method  of 
optical  dispersion  control.  The  third  set  of  data 
is  shown  by  diamoros  and  was  obtained  by  using  the 
second  method  of  optical  dispersion  control  Figure 
15  also  shows  the  Quantum  limit  for  the  configura¬ 
tion  tested. 
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Figure  15  Second  Generation  Laser  Clock  Data 


IV.  Conclusions 

In  conclusion,  good  short-term  stability  has 
been  obtained,  but  long-term  stability  needs  to  be 
improved.  The  ring  laser  clock  is  a  transfer  fre¬ 
quency  standard.  A  transfer  frequency  standard 
used  with  GPS,  JT1DS,  and  radar  techniques  will 
meet  high  performance  fighter  application 
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requirements  so  that  an  absolute  frequency  standard 
is  not  required.  If  implemented  in  conjunction 
with  existing  PLG  systems,  the  additional  cost  of 
the  clock  function  would  be  one  to  three  thousand 
dollars  depending  upon  the  level  of  integration. 
This  could  also  help  reduce  life  cycle  cost 
compared  to  using  a  separate  clock  and  gyro. 
Careful  packaging  could  also  yield  a  reduced  volume 
when  compared  to  separate  devices. 


V.  Recommendations 

The  two  methods  of  dispersion  control  need  to 
be  improved  and  tested.  Active  dispersion  control 
would  allow  Quantum  limited  performance.  The 
current  quantum  limited  performance  o*  the  laser 
clock  is  shown  in  Figure  15.  The  other  area  of 
improvement  is  the  quantum  limit.  This  would 
require  building  a  new  laser.  If  the  quantum  limit 
was  reduced  by  a  facte  of  20,  tree  the  clock 
performance  would  be  increased  by  a  factor  of  20. 
This  is  shown  in  Figure  lb  by  the  dot-dash-dash 
line. 
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Summary 


“The  NR  series  of  hydrogen  maser  frequency 
standards  was  designed  by  the  Applied  Physics 
t  ^laboratory  with  funding  and  direction  supplied  by 
NASA  Goddard  Space  Flight  Center  for  use  in  the 
crustal  dynamics  investigations.  In  order  to  develop 
a  high  level  of  confidence  that  hydrogen  masers  were 
performing  throughout  extended  weeks  of  field  experi¬ 
ments,  a  microprocessor  monitor  and  control  system  has 
been  incorporated  into  the  NASA-NR  model  hydrogen 
masers.  This  system  provides  control  of  the  resonant 
frequency  of  the  cavity,  synchronization  of  the  clock 
output,  and  a  data  link  for  archiving  the  vital  per¬ 
formance  characteristics  of  the  maser  that  can  be 
added  to  the  data  base  for  VLBI  data  processing. 

The  monitoring  and  remote  command  features  provide 
diagnostic  information  for  preventative  maintenance 
and  control  to  set  any  of  the  maser  operating  param¬ 
eters.  The  monitoring  information  can  be  observed 
at  the  local  site  and  via  phone/modems  at  remote 
locations  as  well.  The  flexibility  that  the  micro¬ 
processor  provides  allows  the  maser  frequency  standard 
to  become  a  cqmplete,  self-contained  time  and  frequency 
instrument. 


2.  Once  the  aging  rate  of  the  resonant  cavity  has 
been  determined,  the  autotuner  register  can  be  in¬ 
cremented  or  decremented  on  a  timed  basis  to  compen¬ 
sate  for  this  drift  rate. 

3.  The  two  one  pulse  per  seconds  signals  can  be 
directly  controlled  to  200  nsec. 

4.  The  clock  can  be  slewed  to  subnanosecond  resolu¬ 
tions  by  changing  the  synthesizer  for  a  specified 
period  of  time  and  then  restoring  it  to  its  original 
value  because  frequency  changes  of  the  synthesizer 
have  continuous  phase  in  the  output  signal. 

5.  The  remote  communications  capability  allows 
verification  of  proper  performance  by  knowledgeable 
people  at  a  central  facility  without  the  necessity 
of  having  a  maser  expert  at  the  field  installation. 

6.  The  remote  communications  capability  allows  a 
data  base  of  operating  masers  to  be  developed  so 
that  long  term  trends  can  be  observed  using  graphics 
to  display  the  data. 


Introduction 

An  overall  picture  of  the  NR  Maser  is  shown  in 
Figure  1.  The  microprocessor  is  mounted  at  the  top 
of  the  maser  with  the  keyboard,  displays  and  alarm 
being  mounted  on  the  front  panel.  A  closeup  picture 
of  the  front  panel  is  shown  in  Figure  2.  Figure  3 
shows  the  assembled  microprocessor  with  the  large 
wire  wrap  boards  tilted  back  as  they  would  be  for 
maintenance  access  to  the  system.  The  smaller  display 
module  is  mounted  on  the  front  panel.  Figure  4  is  a 
picture  of  the  computer  board  that  shows  several 
sets  of  switches  are  also  included  on  the  board.  These 
switches  are  used  to  isolate  the  various  separate 
operating  sections  from  the  computer's  data  bus  to 
aid  in  troubleshooting  processor  failures. 

System  Capabilities 

Several  distinct  advantages  have  been  realized  by 
including  the  microprocessor  in  the  design  of  the 
maser: 

1.  The  autotuning  function  Is  flexible  allowing  the 
various  autotuning  parameters  to  be  customized  to 
match  the  reference  oscillator  whether  it  is  another 
maser,  a  cesium,  an  external  crystal,  or  the  internal 
crystal  oscillator. 


7.  The  processor  contains  the  software  to  input  a 
desired  fractional  frequency  offset  and  ca'culate 
the  new  synthesizer  register  settings  to  realize 
this  offset.  This  calculation  requires  at  least 
12  decimal  digits  of  precision  which  is  not  readily 
available  in  many  calculators. 

System  Description 

Figure  5  is  a  block  diagram  of  the  system  show¬ 
ing  the  processor,  16K  of  program  memory,  (13K  is 
currently  used)  2K  of  read/write  memory  (RAM) ,  and 
an  I/O  section  that  interfaces  to  the  keyboard, 
display,  alarm  buzzer  and  three  RS-232  channels. 

This  part  of  the  system  is  housed  on  one  wire  wrap 
module  and  performs  the  computer  related  functions. 
The  display  and  keyboard  circuitry  are  housed  on  a 
small  wire  wrap  module  that  mounts  on  the  front  panel 

The  rest  of  the  system  is  on  a  separate  wire 
wrap  board  and  is  used  as  the  interface  between  the 
computer  and  the  maser.  It  has  the  autotuner,  clock, 
digital  interface  section  and  the  analog  section 
consisting  of  a  64  channel  A/D  converter  and  two 
D/A  converters. 

The  microprocessor  used  is  the  Intersil  6100, 
a  CMOS  processor  that  uses  the  PDP-8E/F  instruction 
set.  This  processor  was  selected  because  the  only 
other  low  power  competitor  at  the  time  of  selection 
(1977)  was  the  RCA  1802  which  has  a  more  awkward 
hardware  interface  and  did  not  have  the  extensive 
software  support  that  was  available  for  the  PDP-8F./F. 
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It  was  decided  in  the  early  stages  of  the  design 
process  to  include  the  microprocessor  and  this  allowed 
us  to  include  various  sensors,  extra  switch  contacts 
and  other  controls  in  the  original  design  instead 
of  retrofitting  these  features. 

The  power  consumption  of  the  entire  processor 
system  is  seven  watts  with  the  displays  off  and  10 
watts  with  the  displays  on.  The  processor  can  detect 
the  loss  of  a-c  power  and  turn  off  the  displays  to 
conserve  battery  capacity. 


Autotuner 


The  autotuner's  function  is  to  measure  the 
frequency  of  the  maser  with  a  high  flux  of  hydrogen 
atoms  entering  the  cavity  and  then  with  a  low  flux 
of  hydrogen  atoms  entering  the  cavity.  If  there 
is  a  difference  between  the  two  frequencies,  then 
the  18  bit  cavity  control  register  is  changed.  This 
results  in  the  cavity  thermal  control  servo  changing 
the  size  of  the  aluminum  cavity  and  bringing  the 
cavity  to  its  tuned  condition.  Long  term  drifts  of 
the  cavity  control  elements  (resistors,  thermistors, 
capacitors . . . )  make  the  tuning  capability  a  require¬ 
ment.  The  autotuner  circuitry  outputs  an  18  bit  word 
to  the  cavity  control  circuitry  and  a  Hi/Low  signal 
to  the  flux  control  circuitry  in  the  maser.  The 
software  allows  the  operator  to  control  the  various 
parameters  of  the  autotuning  process  such  as  the  time 
durations  of  the  measurement  sequence  and  the  gain  of 
the  cavity  control  servo.  The  software  also  provides 
a  means  to  automatically  change  the  cavity  register  on 
a  timed  basis  to  remove  predictable  drift  rates. 

The  period  measurement  circuitry  that  is  included 
in  the  autotuner  and  the  software  that  controls  the 
autotuning  parameters  can  be  used  to  allow  the  maser 
to  evaluate  the  stability  of  other  oscillators.  At 
the  Laboratory  we  are  programming  an  Apple  computer 
to  control  the  measurement  process  and  make  the 
stability  calculations. 


Clock 


The  clock  consists  of  two  counters  that  produce 
one  pulse  per  second  signals  from  5  MHz.  Each 
counter's  output  can  be  shifted  in  time  directly  by 
the  software  in  steps  of  200  nsec.  The  two  counters 
can  be  synchronized  and  a  hardware  alignment  will 
allow  the  two  signals  to  agree  to  1  nsec.  Software 
control  of  the  synthesizer  allows  the  clock  pulse  to 
be  slewed  to  subnanosecond  resolution.  Both  clocks 
are  slewed  together  during  this  process.  The  software 
displays  UTC  from  seconds  to  year  on  the  front  panel 
displays  and  will  output  the  time  of  occurrence  of  a 
signal  on  the  time  transfer  input  to  a  resolution  of 
200  nsec.  The  UTC  time  is  printed  in  all  status 
requests  as  a  self-documenting  feature  of  the  status 
printout . 

Digital  Interface 

This  section  interfaces  to  the  synthesizer  and 
the  various  digital  indicators  from  the  maser.  The 
digital  indicators  include  the  flux  control  settings 
for  the  shutter  and  state  selector  and  separate  con¬ 
tacts  on  the  various  control  switches  in  the  maser. 

The  software  Interrogates  these  items  and  displays 
them  on  the  front  panel  or  in  the  status  message. 

The  microprocessor  can  read  the  settings  of  the 
A,  B,  and  C  counters  in  the  synthesizer  and  can 
send  new  values  to  change  the  counters  under  operator 


command.  Software  is  included  to  allow  an  operator 
to  input  a  desired  fractional  frequency  shift  so  the 
microprocessor  can  calculate  the  new  A,  B,  and  C 
values  to  effect  this  change  and  can  send  these  new 
values  to  the  synthesizer.  Figure  8  is  a  list  of 
the  calculations  performed  during  this  operation. 

The  capability  to  calculate  and  change  the  synthe¬ 
sizer  was  also  used  in  a  software  routine  that  allows 
the  operator  to  slew  the  one  pulse  per  second 
signal  to  subnanosecond  resolution. 


Synthesizer  Calculations 
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Precision  required  -  12  decimal  digits  -  40  bits 
FIGURE  8 

SYNTHESIZER  CALCULATIONS 


Analog  Circuitry 

This  section  consists  of  a  64  channel  12-bit 
A/D  converter  and  two  12-bit  D/A  converters.  All 
of  the  significant  maser  signals  are  input  to  the 
A/D  converter  circuitry  to  allow  the  operator  to 
monitor  them  or.  the  display,  individually,  or  on 
a  terminal  sequentially.  These  signals  include 
system  voltages,  power  supply  voltages,  currents, 
temperatures  and  the  IF  signal  level.  The  soft¬ 
ware  checks  each  reading  against  preset  limits 
and  activates  an  alarm  or  gives  an  indication 
on  the  printout  if  a  limit  is  exceeded.  All 
readings  are  converted  to  engineering  units. 

The  temperature  calculations  are  customized 

to  the  differences  of  the  eight  individual 

thermistors  used  and  the  IF  curve  is  customized 

for  each  maser.  One  external  signal  is  input 

to  the  system  so  that  an  external  thermistor 

can  be  monitored  for  a  local  environment  temperature 

reading. 

At  times  it  is  desirable  to  display  a  signal 
on  a  strip  chart  recorder.  Two  D/A  converters  are 
provided  and  any  of  the  analog  signals  that  are 
input  to  the  A/D  circuitry  can  be  sent  out  to  one  or 
the  other  of  the  D/A  convertors.  Since  the  data  is 
in  digital  form,  it  can  be  scaled  so  that  small 
variations  can  be  amplified  and  displayed  full  scale 
on  the  strip  chart  recorder.  It  is  also  possible  to 
output  two  digital  measurements  to  the  D/A  converters 
the  18-bit  autotuner  register  and  the  36-bit  auto- 
tuner  measurements.  The  12  bits  that  are  sent  to  the 
convertor  can  be  selected  by  the  operator  so  the 
variations  can  be  scaled  to  be  observable. 


Diagnostic  Capabilities 


Communication  Capabilities 


The  microprocessor  system  is  designed  to  have 
a  bus  structure  with  all  elements  of  the  system  com¬ 
municating  over  the  same  data  lines  and  using  the 
same  control  signals.  In  the  event  of  a  failure  that 
pulls  one  of  these  lines  to  ground,  the  location  of 
the  failed  element  could  be  difficult  to  isolate. 
Switches  and  software  have  been  Included  with  this 
system  to  implement  signature  analysis  as  an  aid  to 
troubleshooting  these  types  of  failures.  Switches 
are  provided  so  that  each  section  of  the  micropro¬ 
cessor  can  be  removed  from  the  bus  to  isolate  tie 
failed  chip.  All  of  the  feedback  paths  to  the 
microprocessor  can  be  eliminated  so  that  the  basic 
operations  and  external  address  register  can  be 
verified.  Special  routines  are  provided  in  PROM  to 
verify  the  proper  operation  of  all  of  the  instruct¬ 
ions  that  the  microprocessor  can  use,  the  data  in 
the  ROM,  the  operation  of  the  RAM  and  the  paths  to 
output  data  on  the  bus. 

In  addition  to  the  signature  analysis,  additional 
routines  are  provided  to  verify  the  proper  operation 
of  the  various  elements  from  a  system  perspective. 
These  routines  are  used  for  bench  checkout  of  the 
microprocessor  during  the  fabrication  of  the  micro¬ 
processor  system  and  include  checkout  of  the  displays, 
keyboard,  terminal  out  on  channel  1,  terminal  in  on 
channel  1,  RAM  Hi,  RAM  Low,  digital  to  analog  HI, 
digital  to  analog  It 2,  digital  input  data,  general 
purpose  output  circuitry,  clock  A  and  B,  time  transfer 
test  and  autotuner  test.  This  program  can  be  used 
with  or  without  a  terminal,  since  the  sequencing 
commands  are  input  through  the  keyboard.  However,  a 
terminal  provides  the  operator  with  more  information 
than  is  available  on  the  displays. 

LonR  Term  Drift  Correction 

Mature  masers  typically  experience  a  long 
term  drift  that  requires  them  to  be  retuned  periodi¬ 
cally  to  bring  them  back  on  frequency  and  reduce  their 
susceptibilities  to  other  environmental  influences. 
Once  a  maser  has  matured,  it  can  be  characterized  by 
a  linear  drift  rate.  The  software  in  the  maser  allows 
a  known  rate  to  be  Inserted  and  the  aucotuner  cavity 
can  be  changed  to  compensate  for  the  known  drift  rate. 

Figure  6  is  a  plot  showing  the  change  of  the 
18  bit  cavity  register  for  NR-1  for  a  period  of  120 
days  when  this  maser  was  tuning  continuously.  The 
straight  slope  is  obvious  up  to  day  252  when  the 
temperature  control  of  the  room  broke  down.  After 
the  room  was  brought  back  under  control,  it  can  be 
seen  that  the  register  recovered  to  its  former  value 
and  that  rate  remained  constant.  This  demonstrates 
the  aging  rate  typical  of  this  maser  design. 

Figure  7  demonstrates  the  improvement  in  the 
long  term  Allan  Variance  that  could  be  realized  by 
removing  the  aging  rate.  The  raw  data  1b  between 
masers  NR-3  and  NR-6  when  both  masers  were  in 
environmental  chambers  and  NR-6  had  a  rate  removed 
between  periods  of  autotuning.  A  least  squares 
fit  was  made  to  the  data  and  the  second  curve  shows 
the  Allan  Variance  remaining  with  the  first  order 
term  removed.  For  this  measurement  it  appears  that 
the  long  term  drift  of  4±  2  x  10“ ^  could  be  achieved 
by  using  the  rate  compensation. 


Three  RS-232  channels  and  the  front  panel  key¬ 
board  and  display  can  be  used  to  input  commands  and 
display  the  status  and  autotuning  results.  A  local 
terminal  can  be  connected  to  the  RS-232  channels  to 
allow  a  full  printed  record  of  the  performance  of 
the  maser  to  be  maintained.  Although  more  infor¬ 
mation  may  be  provided  to  a  terminal,  complete 
control  is  available  through  the  keyboard  on  the 
front  panel  as  well  as  with  a  terminal.  A  computer 
can  be  connected  to  one  of  the  channels  that  would 
allow  the  record  to  be  stored  electronically.  A 
phone  modem  can  be  connected  to  one  of  the  RS-232 
channels  to  allow  a  person  at  a  remote  site  with  a 
modem  and  terminal  to  printout  the  status  and  send 
commands  to  the  maser.  This  ability  to  be  able  to 
remotely  printout  all  of  the  critical  signals  and 
compare  to  earlier  printouts  allows  a  knowledgeable 
person  to  be  able  to  diagnose  an  improperly  operating 
maser  without  having  to  be  at  the  maser  location. 

If  a  computer  can  communicate  with  the  maser, 
either  through  a  direct  connection  or  remotely  via 
phone  modems,  then  the  status  information  can  be 
archived  and  displayed  in  a  manner  which  allows  lone 
term  trends  can  be  observed.  Figure  9  shows  the 
power  supply  history  for  NR-4  during  the  year  1981 
using  a  special  graphics  program.  There  are  eight 
power  supplies  shown  (the  +  and  -18  volt  supplies 
overlap)  and  at  a  glance  it  can  be  seen  that  there 
were  no  problems  experienced  or  developing  in  these 
items.  Figure  10  Is  a  plot  of  various  system  currents 
for  NR-4.  The  top  curve  shows  the  variations  of  the 
vacuum  pump  current  and  on  day  152  the  pump  failed 
and  was  replaced. 

Conclusion 

The  autotuner  software  and  hardware  provides  a 
flexible  autotuner  control  that  allows  the  autotuner 
process  to  be  customized  to  the  type  of  reference 
oscillator  used.  In  addition,  the  control  of  the 
frequency  measurement  intervals  and  the  printout  of 
the  results  can  allow  an  external  computer  to 
measure  the  stability  of  another  oscillator. 

The  use  of  a  microprocessor  answered  several 
needs  that  the  Laboratory  saw  when  taking  care  of 
the  previous  generations  of  masers  in  the  field.  In 
order  to  diagnose  a  problem,  it  was  necessary  to 
send  an  experienced  person  to  the  field  site  trained 
to  operate  and  repair  masers.  By  providing  a  means 
of  remotely  monitoring  and  controlling  the  masers, 
the  experts  can  quickly  deduce  the  problem  and 
Initiate  the  correct  maintenance  actions  rather  than 
having  to  visit  the  site  or  ship  the  maser  back  for 
diagnosis . 

The  ability  to  collect  data  at  a  remote  site 
also  allows  the  data  to  be  archived  and  displayed 
in  a  manner  which  allows  long  term  trends  to  be 
observed . 

The  ability  to  observe  performance  over  long 
periods  of  time  have  provided  a  continuing  basis 
for  product  performance  and  reliability  improvements 
under  typical  field  operations. 
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HISTORY  OF  SYSTEM  CURRENTS  FOR  NR-4 
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MERCURY- 199  TRAPPED  ION  FREQUENCY  STANDARD: 
RECENT  THEORETICAL  PRiK.RESS  AND  EXPERIMENTAL  RESULTS 

L.  S.  Cutler,  R.  P.  Giff.ird,  and  M.  !).  McGuire 
Physical  Sciences  Laboratory 
Hew I ett- Packard  Laboratories 
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Sim\R_Y 

,  -  199 

—  l'he  40,  ■)  GHz  hvporline  resonance  ol  He  ions 

stored  in  an  r t  quadrupole  trap  has  been  shown  t«- 
have  a  very  small  fractional  linewidth,  suggest  ing  its 
use  as  a  h i gh-preci s ion  frequency  standard.  'I he  most 
significant  offset  in  such  a  standard  would  be  the 
second-order  Doppler  shift  resulting  fro:.!  tht  motion 
of  the  stored  ions.  We  have  recently  analyzed  the 
situation  in  which  the  secular  motion  is  cooled  to  a 
temperature  of  about  300K  by  the  presence  of  a  light 
background  gas  at  low  pressure, resul t ing  in  an  ion 
cloud  whose  densitv  is  almost  completely  determined 
by  the  balance  of  pscudopotenti.il  and  space-charge 
forces.  Under  these  circumstances  we  have  found  that 
the  second-order  Doppler  shift  can  be  calculated 
accurately  from  the  trapping  parameters,  the  tempera¬ 
ture,  and  the  total  number  and  mass  of  the  stored 
ions . 

We  have  carried  out  a  large  number  of  experi¬ 
ments  using  Helium  as  the  cooling  gas,  and  have  ob¬ 
tained  an  rf  pulse-length  limited  linewidth  of  0.83  Hz. 
The  lineshape  observed  implies  a  natural  width  sin.il  ler 
than  0.1  Hz.  Closed-loop  regulation  of  the  number  of 
stored  ions  has  allowed  us  to  demonstrate  internal 
consistency  of  the  observed  second-order  Doppler  shift 
at  the  level  of  a  few  parts  in  lO*-*. 

INTRODUCTION 

The  precision  of  atomic  frequency  standards  is 
fundamentally  limited  by  the  length  of  time  during 
which  individual  atoms  interact  with  the  resonant 
radio-f recuencv  field.  Since  the  development  of  ion 
trapping  by  e lect romagnet ic  fields,  and  its  appli¬ 
cation  to  r’icrowavo  spectroscopy  (1,2],  it  has 
been  recognized  that  the  use  of  this  technique  might 
permit  relatively  long  collision-free  interaction 
times.  If  the  environment  provided  by  the  trap  were 
sufficiently  benign,  it  would  be  possible  to  make 
atomic  frequency  standards  of  considerably  increased 
accuracy  and  performance  (3-7]. 

Following  a  suggestion  of  F.  G .  Major,  a  number 
of  experiments  have  now  been  carried  out  on  rf-trapped 
199Hg  ,  optically  pumped  by  resonance  radiation  from 
a  iamp  [8-14].  The  results  of  these  experiments 

confirm  the  potential  of  this  system,  and  underline 
the  necessity  to  control  the  second-order  Doppler 
shift  resulting  from  ion  motion. 

In  the  rf  or  "Paul"  trap  the  average  force 
applied  to  an  ion  by  quadrupole  electric  fields  is 
equivalent  to  a  three-dimensional,  approximately 
harmonic,  potential  well  whose  depth  is  determined  by 
the  strength  of  the  fields  and  the  size  of  the  appara¬ 
tus.  If  no  attempt  to  cool  the  ions  is  made,  it  has 
been  found  experimentally  [10,15-17]  that  the  average 
kinetic  energy  of  the  ions  is  about  10%  of  the  well 
depth,  which  typically  exceeds  10  eV.  For  19<?Hg+  c 
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fractional  second-order  Doppler  shift  amounts  to 
3x10“ 1-  per  pY  of  kinetic  energy,  and  the  i on  motion 
therefore  leads  to  a  substantial  frequenev  shift 
which  ij  i  t"  tj  i  u  i  t  to  model  accurately-. 

We  have  recently  analyzed  the  situation  in  which 
the  secular  motion  of  a  number  of  interacting  ions 
moving  in  t ho  pseudopotential  well  is  assumed  to  have 
been  cooled  to  a  temperature  of  about  300K.  The 
results  ol  this  analvs.!®,  which  will  be  presented  in 
detail  below,  show  that  the  average  second-order  Dopple 
shift  for  a  given  ion  mass  depends  on  the  number  of  ion 
trapped,  the  amplitude  and  frequenev  of  the  trapping 
fields,  and,  to  a  relatively  small  extent,  on  the 
motional  temperature.  Thus,  for  a  given  number  of 
trapped  ions,  the  second-order  Doppler  shift  is  con¬ 
stant  and  can  be  calculated  from  the  design  and  oper¬ 
ating  conditions  of  the  experiment. 

1  qq 

In  practice  we  have  been  able  to  cool  Hg  ions 
adequately  using  a  low  pressure  of  Helium  gas  in  the 
trap.  The  frequency  shift  due  to  collisions  with  the 
cooling  gas  is  small.  Accurate  closed-loop  regula¬ 
tion  of  the  number  of  ions  trapped  has  enabled  us  to 
demonstrate  full  consistency  with  the  cooled  ion  cloud 
theory.  These  results  indicate  that  by  using  cooled 
rf-trapped  *^Hg  ions  one  could  construct  a  compact 
frequency  standard  whose  accuracy  would  constitute  an 
improvement  of  approximately  an  order  of  magnitude 
over  existing  portable  Cesium  standards.  The  re¬ 
quirements  are  somewhat  different  from  those  recently 
discussed  bv  Wine  land  [6]  who  shows  that  to  approach  a 
fractional  accuracy  of  10“^,  laser  cooling  of  ions  in 
Penning  trap  would  he  essential. 


THEORETICAL  DESCRIPTION  OF  COOLED  10N  CLOUD 


In  an  rf  quadrupole  trap  a  single  ion  feels  an 
average  force  generated  by  the  superposition  of  oscil¬ 
lating  and  static  electric  fields.  In  an  ideal  trap 
the  instantaneous  electric  potential  T(t)  is  given  in 
cylindrical  coordinates  by 

=  (U  -  Vcos!?t)(r^  -  2z^)/T4',  (1) 

where  U  and  V  are  the  dc  and  rf  voltages  applied,  and 
C  is  a  dimensional  parameter  characterizing  the  trap 
electrodes.  It  has  been  shown  [1,2]  that  the  effect 
of  the  oscillating  part  of  the  field  is  to  create  an 
approximately  harmonic  restoring  force  on  an  ion  as 
long  as  its  displacement  during  the  rf  cvcle  is  small 
compared  with  its  distance  from  the  center  of  the  trap. 
This  is  equivalent  to  a  cylindr icallv  symmetric  ;  a*  :<  im¬ 
potent  ial  iKr,z)  given  by 

4<(r,z)  ■  (  r^  +  4z^)  ,  (2) 

where  q  is  the  charge  and  m  fs  the  mass  of  the  ion. 
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The  superposition  of  the  field  due  to  the  dc  voltage 
1-  and  the  pseudopotential  creates  an  effective  poten¬ 
tial  'Mr,?.).  The  general  form  of  this  effective  poten¬ 
tial  is 

*,  (r  ,z  )  -  Ar“  +  Bz~  ,  (  3  ) 

where  the  coefficients  A  and  B  depend  on  and 

the  charge  to  mass  ratio  of  the  ion.  Although  any 
shape  of  effective  potential  can  he  used,  it  is  con¬ 
venient  theoret ical lv  and  experimentally  to  choose 
values  of  the  parameters,  l’,  V  and  .  yielding  the 
spherical  potential  corresponding  to  A  =  B.  Equation 
O)  may  then  he  written  in  the  form 

*  ,  -  (mu “72 )  (r"  +  z~)  (A) 


=  2qV/mi'*“  =  (4qV/m'.~)  A 

In  the  effective  potential  (A),  a  single  ion  would 
undergo  three-dimensional  simple  harmonic  motion  at 
a  characteristic  frequency  ...  Super¬ 

posed  on  tills  motion  is  a  driven  oscillation  at  fre¬ 
quency  7  in  the  direction  normal  to  the  equipotent ini 
surfaces  of  equation  (2).  The  mean  square  velocity 
•  v^  >  of  this  rJx>*o»:orr  on  is  given  bv 

^v2-'  -  u2/’)(r2  +  ?})  (S) 

Both  the  macromotion  and  the  micr*_.»ot  ion  of  a  single 
ion  in  the  potential  well  are  therefore  completely 
described  by  the  mncromotion  frequency  parameter  •*. 
whose  value  is  implied  in  equation  (A). 

If  the  well  contains  a  large  number  of  ions,  the 
effective  potential  is  further  modified  by  the  ionic 
space-charge.  The  total  effective  potential  seen 

bv  an  ion  is  then  given  by 

*•  „  *  Mr,z)  +  qt  (r,z)  (6) 

tot  q 

where  the  electric  space-charge  potential  $q(r,z)  is 
related  to  the  ionic  charge  density  p  by  Poisson’s 
equation.  The  simplest  conditions  under  which  to 
solve  equation  (6)  for  the  ionic  charge  density  cor¬ 
respond  to  the  assumption  that  the  ion  temperature  is 
low  enough  for  the  macromotion  energy  to  be  negligible. 
The  space  charge  density  will  then  adjust  itself  so 
that  the  gradient  of  the  total  potential  is  zero 
everywhere  within  the  volume  occupied  by  the  ions  l I, lb] 
For  the  spherical  potential  of  equation  (A)  the  result 
is  a  spherical  ion  alow;  with  a  uniform  number  density 
n  given  by 

n  *  3t  mu'Vq^.  (7) 

o  1 

The  total  number  N  of  ions  in  the  cloud  and  the  cloud 
redius  rc  are  thus  related  by  ATTrc^n/3  =  N.  In  a 
typical  ion  trap  us  might  be  of  the  order  of  2"nx50  kHz 
resulting  in  a  cold  ion  cloud  density  of  3.4xl0^nrm“^ 
for  mercury  ions.  A  cloud  of  10^  ions  would  thus  have 
a  radius  of  1.9  mm.  It  appears  that  in  all  practical 
cases  quantum-mechanical  effects  will  not  signifi¬ 
cantly  affect  the  distribution  of  ions. 
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Fig.  1.  Calculated  number-densitv  distributions 
tor  2x1 1)6  ions  in  a  spherical  effective  pc-tei 

tial  with  u>  -  2:‘  x  50  kHz.  It  is  assumed  that  tin- 
ion  cloud  can  he  described  by  a  temperature  !.  -  f 

is  the  total  second-order  Doppler  shift. 


where  the  spatial  average  denoted  bv  the  bar  is  carried 
out  for  (r2+z2)< rc-.  Integration  of  equation  (5)  thus 
gives  the  micromotion  second-order  Doppler  shift  for  a 
spherical  cold  cloud  of  N  ions 

-f  / f  =  -( 3/1 0c“)  ( ..Nq~ /4"*t.  ^m) \  (p) 

Normalizing  to  typical  values  of  ..  and  N  ve  obtain  for 
3Q^Hg  ions 

,'f/f  =  1 ,2xlO~i2(ij/2-xin  kHx)2/i(N/in6r  / 1 .  O0) 

Using  a  method  recently  suggested  bv  Knight  (l‘M  wr¬ 
it  ave  extended  the  calculation  to  allow  a  non-zero  macro- 
motion  temperature  T  in  a  spherical  pseudopotent ial . 

A  self-consistent  calculation  is  used  to  find  the  ion 
number  density  function  n(r,z)  which  satisfies  a  Boltz¬ 
mann  distribution.  The  results  we  have  obtained  from 
this  numerical  calculation  are  shown  in  Figure  1  for  a 
cloud  of  2x10b  mercury  ions  in  a  spherical  pseudo¬ 
potential  with  i*'=2"x50  kHz.  At  low  temperatures  the 
density  approaches  a  rectangular  distribution  with  n 
given  by  equation  (7),  and  at  high  temperatures  the 
density  approaches  the  gauss i an  distribution  which  has 
been  observed  experimental  1 v  in  the  absence  of  ion 
cool ing  j 15-1 7 ] . 

The  complete  density  distributions  can  be  used  to 
calculate  the  second-order  Doppler  shift.  The  modified 
number-dens i tv  weights  the  integral  involved  in  cal¬ 
culating  the  average  micromotion  energy,  and  thermal 
kinetic  energy  equal  to  3kgT/2  is  added.  Data  in 
Figure  I  shows  hpw  the  calculated  shift  varies  with 
temperature  for  a  typical  ion  cloud.  The  rate 

of  chance  of  the  shift  with  temperature  at  300K  is 
1 . 2x10“^  7K,  and  the  total  shift  at  300K  is  about  18r 
greater  than  that  given  bv  equation  (9). 


EXPERIMENTAL  ARRANGEMENT 


The  assumptions  made  above  allow  one  to  calculate 
the  second-order  Doppler  shift  averaged  over  all  posi¬ 
tions  in  the  cloud.  Since  the  ion  velocities  are  small 
compared  with  c,  the  fractional  shift  due  to  micromotion 
is  given  by 


Af/f  =  -<v^>/2c 


We  have  previously  described  the  apparatus  and 
reported  the  results  of  exploratory  measurements  [14]. 
For  the  experiments  to  be  described  below  a  continuous 
source  of  neutral  atomic  mercury-199,  and  means  for 
monitoring  and  controlling  the  pressure  of  the  helium 
cooling  gas  have  been  added.  Magnetic  field  gradients, 
which  previously  led  to  significant  relaxation. 
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Fig.  2.  Hvperfine  resonance  of  ^^Hg+  ions  measured 
with  a  microwave  pulse  length  of  1.0s.  The  line  is 
the  average  of  50  sweeps,  and  the  trap  contained  about 
2x10^  ions.  The  frequency  has  been  corrected  for  the 
0.1  gauss  magnetic  field. 


have  been  considerably  reduced,  and  the  average  magnetic 
field  is  now  regulated.  The  measurement  cycle  has  been 
extended  from  2.0  to  2.75s  to  permit  a  1.0  sec  Inter¬ 
action  time  with  the  microwave  signal.  I-ight  shift  is 
eliminated  by  turning  off  the  pumping  light  during  the 
interaction  time  and  randomizing  the  microwave  phase 
between  pulses. 

An  important  development  is  a  means  for  monitoring 
the  total  stored  Ion  charge:  such  measurements  have 
been  described  previously  [2,  19-22],  although  those 
which  emptv  the  trap  are  clearly  not  useful  in  this 
application.  In  our  system  a  coherent  oscillation  of 
the  ion  cloud  is  excited  by  a  short  voltage  burst  at 
the  macromotion  frequency  U)  applied  to  the  cap  elec¬ 
trode  of  the  trap.  The  free  decay  of  the  ion  cloud 
oscillation  is  then  observed  by  means  of  image  cur¬ 
rents  induced  in  the  cap  circuit.  In  this  way,  a 
measurement  of  the  trap  population  with  a  tvpical  pre¬ 
cision  of  about  2%  can  be  made  during  each  2.75s  cycle 
of  the  frequency  standard  without  disturbing  its  oper¬ 
ation.  Closed-loop  control  of  the  trap  population  is 
achieved  by  varying  the  current  in  the  electron  gun 
pulses  used  to  generate  new  ions. 

The  output  of  the  closed-loop  ion  frequency  stan¬ 
dard  is  monitored  by  continuous  phase  comparison  with 
a  local  Cesium  standard  which  is  itself  compared  using 
TV  line  10  with  an  ensemble  of  5  such  standards  located 
at  the  Santa  Clara  division  of  Hewlett-Packard. 

RESULTS 

Figure  2  shows  an  example  of  the  lineshape  ob¬ 
tained  using  a  1  second  rf  pulse.  The  shape  is  close 
to  the  expected  Rabi  line,  implying  that  relaxation 
effects  are  small.  The  derivative  of  the  response 
with  respect  to  frequency,  and  the  average  photon 
count  of  2.2x10^,  imply  a  statistical  fractional  fre¬ 
quency  noise  of  0.42xl0“12  for  a  single  measurement 
cycle  of  2.75s.  All  of  the  results  discussed  in  this 
paper  have  been  obtained  in  the  presence  of  a  back¬ 
ground  of  Helium  gas.  As  expected,  cooling  the  Ions 
has  been  found  to  Increase  the  ion  storage  time  and  the 
stored  ion  density  while  stabilizing  the  second-order 
Doppler  shift.  With  a  Helium  pressure  of  1.5x10“**  torr 
the  ion  storage  time  was  measured  to  be  about  2.5x10 
under  typical  operating  conditions. 


Figure  1  shows  the  effect  of  varying  the  cooling 
gas  pressure  on  the  frequency  of  the  line-center  with 
the  trap  population  maintained  approximately  constant. 
As  the  pressure  rises  to  10“^  torr  the  frequency  in¬ 
creases  rapidlv  due  to  the  cooling  of  the  macromotion 
and  the  reduct  ion  of  the  micromotion  shift  as  the  ion 
cloud  contracts.  At  higher  pressures  the  data  ap¬ 
proaches  a  linear  dependence  with  a  slope  of  5.7x10"^ 
per  torr  resulting  from  the  shift  of  t ho  mercury  hyper- 
fine  frequency  due  to  collisions  with  the  cooling  gas. 
The  effect  observed  is  of  the  same  order  as  that  for 
1 3 7 Bn*  ions  in  He  [23]. 

Further  evidence  that  the  secular  motion  of  the 
ion  cloud  can  be  effectively  cooled  was  provided  bv 
observations  of  the  first-order  Doppler  sidebands 
which  result  from  modulation  of  the  microwave  phase  by 
ion  motion.  The  sideband  spectrum  was  found  to  consist 
of  two  broad  peaks  symmetrically  shifted  from  the  nar¬ 
row  central  line.  The  measured  sideband  frequency 
shift  was  in  agreement  with  the  approximate  value 
(3kgT/ra)l/-/4rc ,  where  T=300K,  predicated  by  a  model 
in  which  fully  thermalized  ions  make  elastic  collisions 
with  a  spherical  barrier  without  disturbances  in  phase, 
and  collisions  with  the  cooling  gas  are  relatively  in- 
f  requent . 

In  order  to  investigate  the  validity  of  the  cold 
cloud  model  result  given  in  equation  (9),  we  measured 
the  closed-loop  frequency  as  a  function  of  the  trap 
population.  The  experiments  were  performed  at  five 
different  macromotion  frequencies  on  approximately 
spherical  clouds.  The  data  shown  in  Figure  4  demon¬ 
strates  that  the  shift  varies  with  the  two-thirds 
power  of  the  trap  population  as  expected.  The  fre¬ 
quency  has  been  corrected  for  magnetic  field  and  back¬ 
ground  gas  effects.  Ext rapolat ion  of  the  data  to  zero 
population  enables  us  to  estimate  the  frequency  at  zero 
micromotion  shift.  The  zero  population  intercepts  of 
linear  regressions  for  the  5  different  macromotion  fre¬ 
quencies  studied  agreed  to  within  irlxl^-^,  although 
the  slopes  do  not  vary  exactly  with  a1-  **  as  would  be 
expected  from  equation  (9). 


Hg.  I.  Observed  v.i ri.it  ion  of  the  line -center  fre¬ 
quency  f  as  a  function  of  the  pressure  p  of  the  He 
cooling  gas.  The  inset  shows  the  points  for  pressures 
exceeding  10”  ^  torr  on  a  reduced  scale.  The  dashed 
line  represents  a  fit  to  the  data  given  bv 
f *f 0+2  3  Ip- 5 . Sxl0“8/p  based  on  a  simple  model  of  the 
variation  of  cloud  temperature  with  "ressure  and  a 
linear  collision  shift.  The  zero  of  the  vertical  axis 
Is  arbitrary. 
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Fig.  4.  Observed  variation  of  the  line-center  fre¬ 
quency  with  relative  ion  population  to  the  two-thirds 
power  for  various  values  of  the  macromotion  frequency 
uj.  The  data  is  for  approximately  spherical  clouds, 
and  the  frequency  has  been  corrected  for  magnetic 
field  and  He  pressure. 


COMClttS TONS 

The  results  presented  above  demonstrate  the  effec¬ 
tiveness  of  a  light  background  gas  in  cooling  a  cloud 
of  199^  ions.  The  cold  cloud  model  of  equation  (9)  is 
found  to  give  a  good  account  of  the  variation  of  the 
second-order  Dapper  shift  with  the  total  stored  charge. 
The  Stark  effect  has  an  identical  variation  with  trap¬ 
ping  parameters,  and  is  comparatively  small  [24].  By 
controlling  the  experimental  conditions  we  estimate 
that  the  Doppler  shift  can  be  regulated  to  better  than 
IX .  Using  the  finite  temperature  model  it  should  be 
possible  to  calculate  the  total  shift  for  a  given  set 
of  operating  conditions  with  an  uncertainly  of  less 
than  10%.  Although  the  shift  caused  by  the  cooling  gas 
cannot  be  calculated  from  first  principles,  it  is  typi¬ 
cally  small  (£1x10“13) ,  and  the  gas  pressure  can  be 
regulated  to  a  satisfactory  degree.  We  have  not  been 
able  to  detect  any  line  asymmetry  or  rf  power  shift  at 
the  level  of  10"^. 

The  performance  which  could  be  obtained  in  practice 
with  a  l™Hg+  freqUencv  standard  would  depend  on  the 
chosen  tradeoff  between  systematic  errors  and  signal- 
to-noise  ratio. 

Table  I  shows  the  systematic  and  random  effects 
that  might  characterize  the  performance  of  a  portable 
199ng+  standard  and  estimates  of  the  accuracy  which 
might  be  achieved.  The  accuracy  and  precision  are 
considerably  better  than  those  of  currently  manufactured 
Cesium  frequency  standards. 
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n 
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1 
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fable  1  shows  estimates  of  the  fractional  t'renuencv 
errors  which  might  be  obtained  in  a  portable  *  'Hg+ 

' requenev  standard.  The  table  sh^vs  the  magnitude  of 
ea« h  effect,  the  precision  with  which  the  effect  might 
be  controlled  over  time,  and  the  absolute  accuracy 
which  might  be  obtained  in  manufacture.  The  totals 
have  been  obtained  assuming  no  correlation  between  the 
various  effects. 
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LASER  COOLED  'Be  ACCURATE  CLOCK 

J.  0.  Bollinger,  Wayne  M.  Itano,  and  D.  J.  Wineland 
Time  and  Frequency  Division 
National  8ureau  of  Standards 
Boulder,  Colorado  80303 


""  The  use  of  laser  cooled  stored  ions  in  an 
atomic  frequency  standard  has  the  potential  of  very 
high  accuracy  because  Doppler  effects  are  greatly 
suppressed.  A  clock  based  on  +the  ground-state 
hyperfine  transition  in  201Hg  has  potential 
accuracy  and  stability  exceeding  1  part  in  1015. 
However,  laser  cooled  9Be  ions  aye  experimentally 
easier  to  obtain.  Therefore  a  yBe  based  frequency 
standard  is  investigated  in  order  to  study  the 
generic  problems  of  laser  cooled  storey!  ion 
frequency  standards-'  Approximately  300  9Be  ions 
are  stored  in  a  Penning  trap  and  laser  cooled.  The 
303  MHz  ground  state  (M  ,  Mj)=(-3/2 , 1/2 )^ ( -‘-i .^ ) 

nuclear  spin  flip  hyperfine  transition  is  observed 
at  a  magnetic  field  (~0.82T)  where  the  transition 
frequency  is  independent  of  magnetic  field  to  first 
order.  The  time  domain  Ramsey  method  of 
interrogation  is  used  and  yields  a  linewidth  of  25 
mHz.  The  stability  of  an  oscillator  locked  to  this 
transition  has  been_(neasured  for  400  s<  t  <3200  s  to 
be  o  (t)s2x10-11  t  .  By  measuring  the  velocity 
distribution  of  the  ions,  the  second-order  Doppler 
shift  is  determined  to  be  on  the  order  of  5xlO“M. 
The  magnetic  field  instability  contributes  a 
3X10"1"1  uncertainty  in  the  present  experiment.  All 
other  systematic  uncertainties  are  estimated  to  be 
no  greater  than  3xl0*M. 

Introduction 

Because  stored  ion  techniques  provide  long 
confinement  times  with  minimal  perturbations,  they 
provide  the  basis  for  improved  time  and  frequency 
standards1.  Several  groups  have  sought  to  yievelop  a 
microwave  frequency  standard  based  on  199+Hg  ions  in 
an  rf  trap2*5.  The  choice  of  the  199Hg  ion  for  a 
microwave  stored  ion  frequency  standard  is  based  on 
its  40.5  GHz  ground-state  hyperfine  separation, 
which  is  the  largest  of  any  ion  which  might  easily 
be  used  in  a  frequency  standard  (hence  high  Q  for  a 
given  interrogation  time),  and  its  relatively  large 
mass,  (hence  small  second-order  Oopplery  shift  at  a 
given  temperature).  In  addition,  a  202Hg  lamp 
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source  can  be  used  to  optically  pump  the  lw9Hg 
ground  state.  Experiments  on  Hg  ions  to  date 

have  been  unsuccessful  in  cooling  the  ions  to  the 
ambient  room  temperature.  This  results  in  a 
relatively  large  second-order  Doppler  or  time- 
dilation  shift  which  may  be  difficult  to  evaluate 
to  better  than  about  10  ~13.  NBS  has  proposed’"  an 
ion  frequency  standard  based^on  a  ground-state 
hyperfine  transition  in  20lHg  ions  stored  in  a 
Penning  trap  and  cooled  to  below  1  K  by  lasej 
radiation  pressure.  The  laser  cooling  of  the  Hg 
ions  is  made  difficult  by  the  requirement  for  a 
194  nm  tunabl e ,  narrowband  source  and  by  depopula¬ 
tion  optical  pumping  of  the  ground  state.  Laser 
cooling  of  yBe  ions  is  experimentally  much 
easjer.  Therefore  it  is  useful  to  investigate  a 
yBe  based  frequency  standard  in  order  to  study 
the  generic  problems  of  stored  ion  frequency 
standards,  even  though  tlje  potential  performance 
is  not  as  high  as  for  Hg  ions,  due  to  the  lower 
transition  frequency. 

Experimental  Method 

Clouds  of  aBe+  ions  are  confined  by  the 
static  magnetic  and  electric  fields  of  a  Penning 
trap  and  stored  for  hours  (see  Fig.  1).  The  ions 
are  created  inside  the  trap  by  electron  bombard¬ 
ment  of  Be  atoms  evaporated  from  an  oven  located 
outside  the  trap  electrodes.  During  a  run,  the 
oven  is  turned  off,  and  the  residual  pressure  is 
estimated  to  be  less  than  10  ~7  Pa.  The  trap  is 
made  of  gold  mesh  endcaps  and  a  molybdenum  mesh 
ring  electrode.  The  center  of  the  trap  is  at  one 
focus  of  an  ellipsoidal  mirror;  the  second  focus 
is  outside  the  vacuum  system.  A  lens  is  used  to 
collimate  the  fluorescence  light  into  a  photo¬ 
multiplier  tube.  The  ions  are  laser  cooled, 
compressed,  and  pumped  into  the  (M,.Mj)=  (-3/2. 
-1/2)  ground  state  by  a  laser  tuned  ltoJ  the  2s2S, 
(-3/2, -1/2)  ■*  2p2P3/2(-3/2,-3/2)  (\=313  nm)  transi5 
tion.7  The  313  nnrlfght  is  obtained  by  generating 
the  second  harmonic  of  the  output  of  a  single  mode 
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electrode  surfaces  generated 
by  p(r,  i)  -  const. 

Figure  1.  Electrode  configuration  for  a  Penning  trap.  In  this 

experiment  B0  «=  0.8194  T,  1.64zo'ro=0. 417  cm,  and  V0=l  V. 
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Figure  2.  Hyperfine  structure  of  the  s'Be  2s2S, 
ground  state  as  a  function  of  magnetic 
field.  \>  is  the  clock  transition. 


cw  dye  laser  in  a  90°  phase-matched  cyrstal  of 
rubidium  dihydrogen  phosphate  (RDP).  The  power  is 
typically  20  pW.  The  size,  density,  and  temperature 
of  the  ion  clouds  are  determined  by  using  a  second 
probe  laser. 8  Typical  clouds  consist  of  at  most 
several  hundred  ions  with  cloud  densities  of  l-2xl07 
ions/cm3  and  cloud  diameters  ranging  from  100  to  300 
pm.  Ion  temperatures  of  around  100  mK  are  obtained 
with  the  laser  on  continuously. 

At  a  magnetic  field  of  about  0.8194  T,  the 
(-3/2, 1/2)  -•  (-4,4)  ground  state  hyperfine  transi¬ 
tion  o,  (see  Fig.  2),  depends  only  quadratical ly  on 
the  magnetic  field  deviation  AB. 


Linewidths  which,  to  a  high  degree,  are  indepen¬ 
dent  of  the  magnetic  field  homogeneity  and  stabil¬ 
ity  are  obtained  by  using  a  first  order  magnetic 
field  independent  transition  like  v,  as  the  clock 
transition. M  Microwave  radiation  tuned  to  the 
electron  spin  flip  resonance  (^23  914.01  MHz) 
transfers  half  of  the  ion  population  from  the 
optically  pumped  (-3/2, -1/2)  state  to  the  (-3/2, 
♦1/2)  state.  Some  of  the  (-3/2, +1/2)  state 
population  is  transferred  to  the  (-4, +4)  state  by 
application  of  rf  near  the  303  MHz  clock  transi¬ 
tion  frequency.  This  results  in  a  decrease  in  the 
optically  pumped  (-3/2, -1/2)  state  population 
because  of  the  microwave  mixing  and  a  decrease  in 
the  fluorescence  light  detected  by  the  photomulti¬ 
plier  tube. 

The  time  domain  Ramsey  method  is  used  to 
probe  the  clock  transition.  First  a  0.5s  rf 
pulse  is  applied  to  the  trapped  ions.  This  is 
followed  by  a  19s  free  precession  period  and  then 
the  second  0.5s  rf  pulse,  coherent  with  the  first 
one.  The  laser  and  mixing  microwaves  arj  on  for  a 
period  of  3  to  5  s  during  which  the  ‘JBe  ions  are 
prepared  in  the  (-3/2, -1/2)  and  (-3/2, +1/2) 
states.  The  laser  and  mixing  microwaves  are  then 
turned  off  during  the  20s  rf  Ramsey  interrogation 
period  in  order  to  avoid  light  and  ac  Zeeman 
shifts.  After  the  Ramsey  interrogation  period, 
the  laser  and  mixing  microwaves  are  turned  back 
on,  and  the  signal  is  obtained  from  the  photomul¬ 
tiplier  tube  count  rate  during  the  first  0.3  to 
0.5  s  of  the  laser  and  mixing  microwaves  on 
period.  The  theoretical  line  shape  for  these 
conditions  is  shown  in  Fig.  3.  Figure  4  gives  the 
signal  obtained  by  averaging  10  sweeps  across  a 
lOOmHz  width  centered  near  the  clock  transition 


-1.5  -1.0  -0.5  0  0.5  1.0 

Applied  rf  Frequency— Center  Frequency  (Hz) 

Figure  3.  Theoretical  resonance  curve  for  the  clock  transition. 
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Figure  4.  Ramsey  signal  obtained  on  the  clock  transition.  The  sweep  width  is 
100 mHz  and  the  frequency  interval  between  points  is  5  mHz .  The  dots 
are  experimental;  the  curve  is  a  least  squares  fit. 


frequency  (i.e. ,  the  central  portion  of  Fig.  3). 

The  25  mHz  linewidth  gives  a  Q  of  1,2x10*°  on  the 
303  MHz  clock  transition. 

Figure  5  is  a  block  diagram  of  tne  system  used 
to  lock  an  rf  oscillator  to  the  clock  transition. 
The  303  MHz  is  obtained  by  sum-mixing  the  294  MHz 
frequency  doubled  output  of  a  frequency  synthesizer 
(SYNTH  1)  with  the  output  of  another  frequency 
synthesizer  (SYNTH  2)  near  9  MHz.  A  5  MHz  voltage 
controlled  crystal  oscillator  (VCX 01  is  used  as  a 
reference  for  SYNTH  2.  A  passive  hydrogen  maser 
(o  (t)  =  1.  5x10"* 2  t  ' frequency  drift 
<3xlO'16/day)10  is  used  as  a  reference  for  SYNTH  1. 
SYNTH  2,  the  counter,  the  laser  light  shutter,  and 
the  microwave  and  rf  switches  are  interfaced  to  a 
computer  which  controls  the  data  acquisition 
sequence.  The  computer  steps  SYNTH  2  by  ±13  mHz 
about  a  frequency  near  the  303  MHz  clock  transition 
frequency  minus  294  MHz.  If  C,,  C2,  and  C3  are 
three  successive  signals,  the  computer  calculates  an 
error  signal  equal  to  C,  +  C3  -  2C2.4»S  This  error 
signal  is  independent  of  a  linear  drift  in  the  t^tal 
count  rate.  The  computer  simulates  an  analog 

integrator  by  incrementing  a  register  by  a  number 

proportional  to  the  error  signal  after  each 

measurement.  The  contents  of  this  register  are 

output  to  a  digital-to-analog  converter  (0/A),  which 
steers  the  VCXO  so  as  to  keep  the  mean  interrogation 
frequency  (the  average  of  the  high  and  low  frequency 
half-cycles)  as  close  as  possible  to  the  clock 
transition  frequency.  The  frequency  of  the  VCXO  is 
compared  with  the  frequency  of  the  passive  hydrogen 
maser. 


Results 


Figure  5.  Block  diagram  of  the  frequency  servo. 


The  Allan  variance  of  the  VCXO  was  "•  isured  out 
to  3.2x10s  s.  The  VCXO  is  used  as  a  rei  ience  for 
SYNTH  2  which  provides  only  9  MHz  of  the  303  MHz  rf. 
By  dividing  the  Allan  variance  of  the  VCXO  by  the 
ratio  of  the  clock  transition  and  SYNTH  2 
frequencies  (equal  to  33.6),  the  Allan  variance, 
a  (x),  of  an  oscillator  stabilized  by  the  entire  303 
Mflz  clock  transition  is  obtained,  since  frequency 
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fluctuations  in  the  frequency  doubled  294  MHz  output 
of  SYNTH  1  are  negligible.  Figure  6  shows  o  (i)  for 
six  runs  of  this  experiment.  The  attack  ytime  is 
between  300  and  400  s.  For  times  greater  thaji  the 
attack  time,  u  (t)  is  falling  off  as  2xl0-11  \  .  A 
measurement  ofythe  o,  clock  transition  frequency  is 
obtained  from  each  run.  A  weighted  average 
frequency,  f,  is  obtained  for  fifteen  6400s  runs  by- 
weighting  each  run  according  to  its  stability  o  (i) 
at  t=1600  s.  y 


f  -■  i'  i  ' 

x  (T7o~5“) 

=  303  016  377. 265  077  Hz 
The  standard  deviation  of  this  average  is 
.2  2  T  ^ 

i(Vf)  Ai. 

*’  '  (N-1)2(1/.t,*) 

=  44  pHz  (1, 5xl0"1;i)- 

As  noted  above,  the  frequency  of  the  stabilized 
VCXQ  was  measured  relative  to  the  passive  hydrogen 
maser.  The  uncertainty  of  the  measured  frequency  of 
the  passive  hydrogen  maser  relative  to  the 
i nternat iona 1  definition  of  the  second,  based  on  the 
Cs  hyperfine  separation,  is  64  pHz  (2.  Ixl0'l;!). 

Various  experimental  parameters  were  varied  to 
test  for  possible  systematic  errors.  The  mixing 
microwave  power  was  varied  by  over  20  dB.  In  the 
initial  stages  of  this  experiment,  a  lxlO-12  shift 
in  the  measured  clock  transition  frequency  was 
observed  when  the  mixing  microwave  power  was  lowered 
by  20dB.  It  was  determined  that  this  shift  was 


related  to  the  small  rf  leakage  during  tr,e  repump.- 
ing  (laser,  mixing  microwave'.,  on)  part  o'  the  data 
cycle  By  switching  the  SYNlH  i  frequency  by  * . 
kHz  during  the  repumpiny  part  o'  the  data  >i ie, 
this  shift  was  made  to  disappear  Other  param¬ 
eters  which  were  varied  in  order  to  test  - 

systematic  frequency  shifts  were  the  la5e'  puwe’ 
and  the  number  of  ions,  each  of  which  was  var  ieO 
by  about  a  factor  of  two.  and  various  dead  times 
which  were  inserted  between  parts  of  the  data 

cycle.  In  order  to  test  for  frequency  u'fsets 
due.  for  example,  to  ar.  asymmetric  component  of 
the  resonance  line,  the  frequency  steps  we*e 
changed  to  ±0  4  7  Hz,  so  that  the  s'des  of  the 
ninth  sidelobes,  rather  than  of  the  central  lobe, 
were  sampled  (See  fig.  3).  No  systematic  shifts 
were  observed  at  the  level  permitted  try  the 

s  i  gnal  -  to-no  i  se  ratio  (a  few  parts  in  lu'-  ; 

lable  1  lists  the  estimated  systematic  errors 
tor  this  experiment.  The  3  parts  in  10’  peak-tu- 
peak  fluctuations  in  the  magnetic  field  contri¬ 
bute  a  3xlCT14  uncertainty  in  the  dock  transition 
frequency.  State  of  the  art  superconducting 
magnets  have  stabilities  1,000  times  better  than 
the  magnet  used  in  this  experiment,  which  could 
lower  this  uncertainty  by  a  factor  of  10''. 
Nonlinearities  and  frequency  drift  in  the  VCXO 

could  cause  servo  offsets  at  the  3X10'14  level. 
By  improving  the  servo  system  (for  instance, 
linearizing  the  VCXO  response)  this  uncertainty 
could  be  substantially  reduced.  The  temperature 
of  the  ions  with  the  laser  on  was  measured  to  be 
approximately  lOOmK  which  corresponds  to  a  second- 
order  Doppler  shift  of  1.5xl0'16.  With  the  laser- 
off,  some  heating  of  the  ions  was  observed. 
During  the  20s  rf  Ramsey  period  while  the  laser 
was  off,  the  ion  temperature  increased  to  about 
3  K.  This  results  in  a  second-order  Doppler  shift 
of  about  5  parts  in  1014.  We  believe  that  the 
heating  observed  in  this  experiment  can  be 
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TABLE  >.  Estimated  systematic  errors 


Systematic 

effect 

Size  of 
effect 

Uncertainty 

Magnetic  field 
freq.  shift 

vp  303  MHz 

3  x  10*M 

Servo  offsets 

3  x  10"1'* 

3  x  10*‘« 

2nd  order  Doppler 

5  x  lO'1* 

5  x  lO-*-* 

Pul  ling  due  to 
spurious  signals 

<10*1S 

Stark  shi fts 

no*15 

1st  order  Doppler 

uo*15 

Col  1 isions  with 
background  gas 

<10*15 

Background  slopes 

no*1 5 

Coherence  between 

<10*1S 

cycles 


understood  and  controlled  in  future  experiments,  and 
that  second-order  Ooppler  shifts  at  the  1x10 ' 1 
level  will  be  obtained.  A  potential  systematic 
effect  for  stored  ion  frequency  standards  is  a  light 
shift  due  to  an  incomplete  reinitialization  of  the 
ion  population  during  the  repumping  part  of  the  data 
cycle11.  Such  a  shift  may  be  present  even  though 

the  light  is  off  during  the  rf  interrogation  period, 
if  coherence  survives  the  repumping  period.  In  this 
experiment,  the  computer  random  function  generator 
was  used  to  randomize  the  phase  of  the  rf  before 
each  rf  Ramsey  period.  This  eliminates  any  syste¬ 
matic  light  shift.  All  other  systematic  effects 
listed  in  Fable  1  are  less  than  lxlO"16.  Unfortu¬ 
nately,  the  signal-to-noise  ratio  in  this  experiment 
did  not  permit  reaching  the  level  of  the  anticipated 
systematics  of  Table  1  in  a  reasonable  amount  of 
time. 

Future  Work 

As  stated  in  the  introduction,  the  purpose  of 
this  experiment  was  to  study  the  generic  problems  of 
stored  ion  frequency  standards  with  cold  ions. 
Ultimately,  the  same  experiment  could  be  performed 
on  the  26  GHz  field  independent  ground  state 
hyperfine  transition  in  201Hg  ,6  Based  on  previous 
work  with  Mg  ions7,  10  mHz  linewidths  should  be 
obtainable.  This  would  give  a  line  Q  of  2.6xl012. 
In  future  experiments,  we  also  expect  to  load 
clouds  with  as  many  as  106  ions. 12  From  the 
results  obtained  in  this  experiment  on  small 
clouds  and  a  303  MHz  clock  transition  frequency* 
we  anticipate  that  a  stability  of  2x10" 15  t  1 
should  be  obtainable  wi‘h  a  frequency  standard 
based  on  large  clouds  of  201Hg  ions.6  The 
uncertainty  of  the  anticipated  systematic  effects 
should  be  comparable  to  those  discussed  in  the 
previous  section;  thus  an  accuracy  on  the  order  of 
1x10" 15  is  expected.  The  development  of  the  cw, 
tunable,  narrovjband  source  at  194  nm  required  for 
cooling  the  Hg  ions  has  now  been  accoijipl  ished.  13 
Experiments  on  trapping  and  cooling  Hg  ions  are 
being  initiated. 
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PERFORMANCE  OF  COMPACT  HYDROGEN  MISERS 
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Compact  hydrogen  masers  have  been  built  and  are 
under  continuing  development  at  several  organizations. 
JPL  maintains  a  special  facility  which  is  dedicated 
to  testing,  evaluating,  improving  and  maintaining  state 
of  the  art  frequency  standards.  This  paper  presents 
the  results  of  a  series  of  tests  that  were  performed  at 
this  facility  on  two  different  types  of  compact  hydro¬ 
gen  masers.  One  of  these  masers  is  a  prototype  unit 
developed  by  Hughes  Research  Laboratories,  Malibu,  CA 
for  the  United  States  Naval  Research  Laboratory.  This 
maser  uses  Q-enhancement  to  achieve  cavity  oscillation 
and  is  equipped  with  a  cavity  tuning  servo  system.  The 
other  is  a  prototype  passive  hydrogen  maser  also 
equipped  with  a  cavity  tuning  servo  system  and  was 
developed  by  the  National  Bureau  of  Standards,  Boulder, 
CO.  The  data  presented  includes  output  frequency 
versus  certain  environmental  parameters,  Allan  variance 
and  drift.  The  work  on  the  Hughes  Research  maser  was 
sponsored  bv  the  United  States  Naval  Research  Labora¬ 
tory  (NRL) .  The  NBS  passive  maser  development  was 
sponsored  by  the  National  Aeronautics  and  Space  Admin- 
ins  t rat  ion  (NASA)  and  NRL.  . - 


Introduction 


Two  types  of  tests  were  performed  on  the  Hughes 
compact  maser1  designated  throughout  this  paper  as 
"CHY-2" . 

a.  Environmental  effects  on  output  frequency. 

b.  Statistical  frequency  stability  and  drift. 


For  the  frequency  stability  and  drift  tests  we 
included  a  compact  passive  hydrogen  maser  prototype^, 
which  was  built  by  the  National  Bureau  of  Standards 
(NBS)  and  designated  in  this  report  as  "NBS-3". 


Four  active  hydrogen  masers^  and  two  commercial 
cesium  beam  frequency  standards  were  U9ed  as  reference 
frequency  standards.  DSN-2  and  DSN-3  are  the  designa¬ 
tions  for  the  JPL  built  (deep  space  network)  "DSN”  type 
masers.  These  are  placed  inside  environmentally  iso¬ 
lated  chambers  and  serve  as  the  primary  reference 
standards  at  the  test  facility.  The  NR-5  maser  is  one 
of  the  newest  models  from  the  Goddard  Spaceflight  Center 
(GSFC)  and  was  built  by  the  Applied  Physics  Laboratory 
(APL)  of  the  Johns  Hopkins  University.  The  SA0-14  maser 
is  of  the  latest  series  built  by  the  Smithsonian  Astro- 
physical  Laboratory  (SAO) . 

The  test  environment  was  continuously  monitored  in 
order  to  assess  its  effect  on  the  validity  and  accuracy 
of  the  tests.  Room  temperature  was  maintained  at 
23.5°  t  0.2°C.  Great  care  was  taken  to  assure  that  the 
masers  were  not  locked  to  each  other.  The  CHY-2  maser 
was  susceptible  to  this  problem. 


Environmental  Effects  on  the  Output 
Frequency  of  CHY-2 


A .  TEMPERATURE 

The  maser  was  placed  inside  a  test  chamber  and  the 
chamber  temperature  was  held  at  +  23°C  until  the  maser 
output  frequency  was  stable.  The  chamber  temperature 
was  then  lowered  to  21°C  and  about  8  hours  later  it  was 
increased  to  29°C.  The  resulting  shifts  in  output 
frequency  were  measured  and  we  estimate  the  following 
temperature  coefficients: 


For  a  small  step  AT  =  2°C 


^  =  3  *  Id'14  i  2  x  10'U/°C 


and  for  a  large  step  AT  =  8°C 


^  -  1.2  x  1<T14 


0.5  x  lff’Vc 


It  should  be  noted  that  this  was  a  "quick  look"  temper- 
ature  test  and  was  not  repeated,  furthermore  the 
influence  of  humidity  changes  on  the  output  frequency 
was  not  determined  but  subsequent  data  suggests  that  it 
may  be  significant. 


B.  BAROMETRIC  PRESSURE 

The  chamber  temperature  was  held  constant  at  +2j0C 
i  0.3°C  while  the  barometric  pressure  was  stepped  i  12" 
H2O  about  7  times.  This  test  took  about  30  hours  and 
the  resulting  frequency  changes  let  us  estimate  a  baro¬ 
metric  pressure  coefficient  by  averaging  all  but  the 
first  and  last  half  steps. 


=  -1  x 10' 


t  0.5  x  10  l4/inch  Hg 


C.  MAGNETIC  FIELD 

A  helmholtz  coil  was  placed  around  the  maser  so  as 
to  provide  a  uniform  magnetic  field  along  the  vertical 
axis.  Three  separate  tests  were  conducted.  The  applied 
magnetic  field  was  stepped  7  times  between  +  and 
-  100  mG  yielding  200  mG  per  step  data.  The  test  was 
repeated  two  more  times  using  t  300  mG  and  ±  500  mG 
steps  to  yield  data  for  600  and  1000  mG  steps.  The 
maser  was  operated  at  the  hydrogen  flux  level  specified 
by  the  manufacturer,  the  ambient  temperature  was  at 
23°C  and  the  Zeeman  frequency  was  initially  at  450  Hz. 
The  following  coefficients  were  determined. 

-  8.9  x  10  13  ♦  4  x  10  3^/gauss  (200  mG  steps) 

■  8.8  x  10  +  3  x  10  3^/gauss  (600  mG  steps) 

~  ■  7.7  x  10  13  t  2  x  10  3*/gauss  (1000  mG  steps) 


The  research  described  in  this  paper  was  carried  out  by  the  Jet  Propulsion  Laboratory,  California  Institute 
of  Technology,  under  a  contract  with  the  National  Aeronautics  and  Space  Administration. 
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Frequency  Stability 

Allan  variance  (CHY-2,  NBS-3)  frequency  stability 
was  determined  by  measuring  the  Allan  variance^ 
several  times  against  different  frequency  standards. 

The  reference  frequency  standard  was  offset  in  fre¬ 
quency  to  yield  a  desired  beat  frequency.  The  zero 
crossing  times  of  this  beat  was  recorded  on  magnetic 
tape  for  offline  computer  processing^.  For  most  tests, 
the  5  MHz  standard  output  frequency  of  the  masers, 
under  test,  was  multiplied  to  100  MHz  and  the  measure¬ 
ments  were  made  at  this  frequency.  The  plots  shown  in 
this  report  are  typical  of  all  the  data  that  was  col¬ 
lected  during  this  test. 

Figure  1  shows  the  results  of  CHY-2  versus  the  JPL 
DSN-3  maser.  This  data  was  taken  during  the  period 
between  12-22-82  and  1-7-83.  As  is  shown  later  in  this 
report  the  CHY-2  had  two  distinct  changes  in  output 
frequency  during  the  above  period.  These  are  supposi- 
tioned  to  be  due  to  the  malfunction  in  the  CHY-2  cavity 
synthesizer  (a  problem  that  had  occurred  earlier  during 
initial  verification  tests)  which  may  be  susceptible  to 
changes  in  humidity. 

Figure  2  uses  the  same  set  of  raw  data  but  covers 
a  shorter  time  interval  which  excluded  the  periods 
during  which  the  large  frequency  change  took  place. 
Notice  the  difference  at  i  >  lO^s. 

Figure  3  is  a  typical  Allan  variance  plot  of  the 
NBS-3  maser  versus  the  JPL  DSN-3  maser. 

Figure  4  covers  the  period  which  excludes  the 
effects  of  distinct  frequency  changes  that  occurred 
on  NBS-3  (see  Fig.  11). 

Figure  5  is  a  plot  of  the  JPL  reference  masers 
DSN-3  vs.  DSN-2.  The  noise  is  sufficiently  low  to  not 
appreciably  affect  the  results  obtained  for  the  compact 
test  masers,  except  perhaps  at  tau  values  >  10^  seconds. 


Long  Term  Drift 

A  primary  objective  was  to  determine  the  long  term 
behavior  of  the  output  frequency  vs  time.  The  allotted 
test  period  was  45  days.  Preliminary  measurements 
indicated  that  a  low  drift  rate  was  to  be  expected  for 
both  compact  masers. 

During  the  last  few  years  it  was  determined  that 
the  drift  of  DSN-2  and  DSN-3  is  due  to  cavity  aging. 3 
Repeatability  of  cavity  tuning  was  shown  to  be 
±2  x  10~14  for  these  two  masers.  A  manual  tuning 
technique  allows  completion  of  tuning  both  of  these 
masers  in  less  than  6  hours.  We  therefore  proceeded 
in  the  following  manner: 

a.  Tune  all  reference  masers  and  measure  the 
frequency  offset  that  exists  between  all 
masers  at  the  beginning  of  the  test.  (Day  0) 

b.  Continuously  auto  tune  the  NR-5  maser  during 
the  entire  test  period.  (This  removes  nearly 
all  of  its  drift.) 

c.  Repeat  the  tuning  procedure  for  DSN-3  and 
DSN-2  at  the  end  of  the  test  and  again  measure 
the  frequency  offset  that  exists  between  all 
masers.* 


We  make  the  basic  assumption  that  the  atomic  line 
frequency  of  DSN-2  and  DSN-3  did  not  change. 


After  the  43  day  test  period  we  determined  the 
following  frequency  changes  between  maser  pairs: 

DSN 2  -  DSN 3  -  0  t  2  x  10~14 

DSN 2  -  NR 5  -  +2.0  x  )0~14  t  5  x  10~15 


DSN2  -  CHY2  =  -6.0  x  10 


DSN 2  -  NBS3 


-14 


t  1.5  x  10 
-14 

i  2  x  10 


DSN 3  -  NR5  =  +2.5  x  lo"14  t  5  x  1 0~ ’ 5 


DSN  3  -  CHY2 


-5.5  x  1 0_ 1 4  1  1.5  x  10  14 


DSN  3  -  NBS3  =  +1.5  x  10 


-14 


2  x  10 


■14 


From  these  measurements  we  estimate  the  following 
frequency  shifts  for  each  maser  over  the  43  day  test 
period : 


CHY-2 


-14  -14 

-6  x  10  .♦  3.5  x  10 


-14  -14 

NBS-3  ■  +1  x  10  t  4.0  x  10 


NR-5 


+2.5  x  10  14  t  2.5  x  10  14 


In  addition  to  the  frequency  offset  measurements 
against  DSN2  and  DSN3  we  also  recorded  continuous 
phase  data  between  the  test  masers  and  NR-5  which  was 
continuously  autotuning  with  a  maser  as  the  reference. 
The  two  commercial  casium  units  were  too  noisv  for  the 
required  resolution  during  this  test. 

Figure  6  is  the  phase  plot  of  the  CHY-2  against 
the  NR-5  for  a  38  day  period.  The  effect  of  two 
distinct  frequency  shifts  can  be  clearly  seen. 

Figure  7  is  the  fractional  frequency  plot  derived 
from  the  phase  data  of  Figure  6.  Note  the  increase 
from  day  5  to  8,  the  turnaround  followed  by  a  decrease 
of  about  1  x  1 0— 1 3  3nd  settling  at  a  new  frequency  bv 
day  11.  This  corresponds  very  closely  with  a  signi¬ 
ficant  change  in  humidity  (approximately  25X).  See 
Figure  16  which  shows  a  plot  of  humidity  during  the 
38  day  test  period.  A  similar  shift  in  frequency, 
corresponding  to  humidity  occurred  near  dav  25.  It  is 
not  clear  why  the  frequency  did  not  return  to  its 
nominal  value  on  these  two  occasions  or  why  it  changed 
by  such  a  relatively  large  amount.  Measurements 
against  the  other  reference  masers  verified  these 
shifts  on  CHY-2.  We  observed  this  type  of  frequency 
shift  before,  on  earlier  tests,  and  found  problems 
with  the  cavity  control  synthesizer  and  a  cable  on  the 
CHY2  maser. 

We  estimate  the  total  frequency  shift  of  CHY-2 
against  NR-5  using  Figure  7  to  be  -8.5  x  lO'1'*.  This 
is  an  excellent  comparison  agreement  with  the  measure¬ 
ments  also  made  against  the  reference  masers  DSN-2  and 
DSN-3. 

Figures  8,  9,  10  show  the  10  to  26  day  portion  of 
phase,  frequency  and  Allan  variance  between  CHY-2  and 
NR-5.  The  peak  to  peak  noise  of  approximately  2  nS 
masks  any  long  term  drift  that  may  be  present.  The 
residuals  suggest  environmental  effects  and  appear  to 
correlate  with  humidity.  Of  course  CHY-2  could  be 
drifting  at  about  the  same  rate  and  in  the  same 
direction  as  the  NR-5.  As  measured  directly  against 
the  offset  masers  the  upper  bound  of  drift  for  the 
NR-5  is  estimated  to  be  1  x  10_'^/dav  when  the  auto- 
tuner  is  being  utilized  (in  NR-5). 


The  main  question  that  needs  to  be  addressed  In 
regards  to  CHY-2  is  whether  the  behavior  shown  in 
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Figure  7  is  the  intrinsic  behavior  of  frequency  versus 
time  for  this  type  of  maser  design  or  rather  the  result 
of  a  curable  malfunction  which  may  be  induced  by 
environmental  changes. 

If  we  remove  the  two  distinct  frequency  changes  of 
1  x  10”13  shown  in  Figure  7  we  can  estimate  a  drift 
for  CHY-2: 


m  -6  x  10  14  +  1.0  x  10  1 
f  43  days 

-  1  x  10_i5/day  ±8  x  10 


Figures  11,  12  show  the  phase  and  frequency  data 
of  the  NBS-3  maser  against  NR-5.  Several  distinct 
frequency  changes  occurred  during  the  test  period.  The 
net  frequency  change  over  the  entire  period  appears  to 
be  nearly  zero  and  confirmed  by  direct  frequency 
measurements  against  DSN-2  and  DSN-3.  The  environ¬ 
mental  data  shows  that  the  frequency  perturbations 
correlate  well  with  humidity.  Note  the  nearly  seven 
day  cycles  in  the  residuals. 

Again  we  can  speculate  as  to  whether  this  behavior 
is  inherent  with  this  design  or  whether  an  abnormal 
malfunction,  perhaps  environmentally  induced.  Is  at 
play. 

Figures  13,  14,  15  cover  the  10  to  26  day  period 
during  which  the  maser  frequency  perturbations  were  of 
shorter  durations.  Note  again  the  seven  day  periodicity 
often  seen  on  frequency  standards.  The  Allan  variance 
shown  on  Figure  15  extends  that  of  Figure  4  without  the 
limitation  of  the  DSN-3  drift. 

The  overall  frequency  change  over  the  test  period 
yields  an  estimate  of  the  drift  rate  for  the  NBS-3 
maser. 


m  +2  x  10  ^ /day  1  9  x  10~!6 

Correlation  Functions 

In  order  to  gain  more  Information  about  the 
frequency-humidity  relationship  auto  and  cross- 
correlation  was  performed  on  the  humidity  and  test 
maser  output  frequency  data. 

Figure  16  is  a  plot  of  dew  point/frost  point 
(humidity)  during  the  test  period. 

Figure  17  and  18  are  plots  of  the  cross  correlation 
coefficients  of  humidity  and  frequency  for  the  CHY2-NR5 
and  NBS3-NR5  respectively.  The  CHY2-NR5  frequency  pair 
yields  a  coefficient  of  0.83  with  humidity  with 
virtually  no  lag  whereas  the  NBS3-NR5  frequency  pair 
yields  a  coefficient  of  0.89  with  humidity  at  a  lag  of 
about  1  day. 


Significant  Events 

Both  test  masers  failed  and  dictated  the  end  of 
test  on  the  43rd  day.  CHY-2  vacion  pump  failure  caused 
out  of  lock  conditions  and  the  tyBS-3  cavity  servo 
started  to  go  out  of  range. 


Day  26 

Brief  loss  of  lock  on  CHY-2  due  to  vacion  glitch. 
Maser  was  restored  and  phase  data  corrected.  The 
Impact  was  minor. 

Day  38  to  Day  44 

Vacion  pump  failures  on  CHY-2.  Maser  restored  and 
end  of  test  frequency  measurements  made.  Frequency 
repeatability  was  very  good  after  each  pump  failure 
and  subsequent  restoration. 

Prior  to  environmental  testing  on  CHY-2  several 
synthesizer  malfunctions  occurred.  There  was  also 
a  problem  with  a  coaxial  cable  between  the  source 
oscillator  and  the  source.  Additionally  some  effort 
was  required  to  provide  sufficient  shielding  for  the 
CHY-2  receiver  and  physics  unit  to  ensure  that  no  lock 
up  to  a  reference  maser  can  occur.  Evidence  that  this 
could  happen  was  discovered  when  a  1.42405751  GHz 
signal  from  another  maser  was  radiated  in  the  test 
facility. 


Summary 

Long  term  frequency  stability  measurements  proved 
to  be  as  difficult  to  make  as  anticipated.  It  Is 
clear  that  much  longer  time  periods  are  required  to 
reduce  the  relatively  large  measurement  uncertainties 
associated  with  this  test.  The  unexpected  frequency 
shifts  that  occurred  make  it  nearly  impossible  to 
derive  an  accurate  measurement  of  drift  over  a  43  dav 
period.  It  appears  that  the  cavity  frequency  control 
servo  mechanism  employed  on  the  CHY-2  and  NBS-3  type 
masers  are  capable  of  considerably  reducing  the 
frequency  pulling  effect  of  cavity  aging. 

It  is  also  apparent  that,  for  a  maser  with  intrins¬ 
ically  good  long  term  stability  (low  drift),  environ¬ 
mental  parameters  such  as  those  measured  for  CHY-2 
assume  a  dominant  role  and  need  to  be  dealt  with. 

This  involves  the  environment  itself  as  well  as  the 
maser's  sensitivity  to  it. 

A  drift  of  5  x  10  per  day  for  example  accum¬ 
ulates  a  time  error  of  about  20  nS  in  a  30  day  period. 
It  is  easy  to  see  that  for  precise  time  keeping  pur¬ 
poses  severe  requirements  are  imposed  on  the  environ¬ 
ment,  given  the  environmental  coefficients  measured  on 
CHY-2. 

The  data  suggests  the  following  conclusions: 

Over  the  short  term  (T  <  7  days)  environmental 
effects  and  short  term  noise  dominate  and  are  charac¬ 
terized  by  the  Allan  variance  measurement  as  white 
frequency  noise  (r~'/2).  Random  walk  frequency  type 
noise  was  not  evident  over  the  given  measurement 
period.  Neither  the  38  day  phase  data  (absence  of 
second  order  terms)  nor  the  38  day  Allan  variance  data 
(absence  of  t*  slope)  indicated  significant  long  term 
drift. 

Correlation  with  humidity  Is  high. 
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Figure  1.  Allan  Variance  NBS3  vs  0SN3 
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Figure  5.  Allan  Variance  DSN2  vs.  DSN3 


Figure  6.  Time  Residuals  CHY2  vs.  NR5 


Figure  7.  Frequency  Residuals  CHY2  vs.  NR5 
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Figure  17.  Cross  Correlation  CHY2  NR5  vs.  Humiditv 
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ABSTRACT 

- *  The  cryogenically-cooled  Baser  provides  a  Beans 

for  aeasuring  frequency  shifts  and  relaxation  proper¬ 
ties  of  storage  wall  coating  aaterials  that  can  be 
frozen  in  place  from  substances  noraally  in  the 
gaseous  phase.  Me  report  initial  aeasureaents  for 
FEP-120  Teflon  between  77K  and  48K  and  compare  then 
with  the  372R  to  77K  data  of  de  Saintfusc ien.  Soae  of 
the  design  features  of  the  Baser  are  described.  The 
cryoaaser's  hydrogen  dissociator  is  located  entirely 
within  the  vacuua  enclosure  and  operates  at  77E.  The 
in-vacuua  dissociator  and  other  developments  that  have 
been  adapted  and  tested  in  a  room  temperature  Baser, 
and  that  are  applicable  for  both  space  and  terrestrial 
use,  are  also  discussed.^'- 

INTRODUCTION 


A  prograa  for  studying  the  operation  of  atonic 
hydrogen  asters  at  low  teaperatures  has  been  been  un¬ 
der  way  at  the  Saithsonian  Astrophysical  Observatory 
since  1977.  The  ain  of  this  prograa  is  to  advance 
both  the  science  and  the  technology  of  hydrogen 
aasers.  The  work  has  been  supported  by  the  Office  of 
Naval  Research,  the  Saithsonian  Institution,  the  Na¬ 
tional  Aeronautics  and  Space  Administration  (NASA), 
the  let  Propulsion  Laboratory,  and  Marshall  Space 
Flight  Center. 

The  principal  reason  for  the  ontstanding  stabil¬ 
ity  of  the  hydrogen  aaser  is  the  fact  that  hydrogen 
atoms  can  be  confined  in  a  storage  vessel  for  extended 
periods  (on  the  order  of  a  second)  with  very  little 
effect  on  the  phase  of  their  oscillating  magnetic 
dipole  moments.  This  moment  results  froa  the  aagnetic 
interaction  between  the  proton  and  electron  spins  in 
the  hydrogen  ground  state;  the  energy  separation 
produced  by  this  interaction  provides  the  hydrogen 
maser  signal,  the  familiar  21  cm  line  of  radio  astron- 
oay . 


Atoms  stored  in  a  hydrogen  maser  aake  many  colli¬ 
sions  with  the  wall  surface  of  the  storage  volume.  In 
conventional  masers  this  surface  is  usually  coated 
with  Teflon,  a  long  chain  fluorocarbon.  The  interac¬ 
tion  during  collisions  has  not  been  extensively 
studied,  and  we  are  still  using  the  same  aaterials  and 
techniques  of  20  years  ago.  At  present  the  theoreti¬ 
cally  available  stability  of  the  aaser  has  been 
achieved  for  averaging  periods  between  one  second  and 
one  hour;  in  this  regime  the  stability  is  United  by 
thermal  noise,  thermal  movement  of  the  atoms  in  the 
storage  volume,  and  the  rato  of  wall  collision  relaxa¬ 
tion.  This  last  process  is  what  we  want  to  inves¬ 
tigate  at  low  temperatures  where  electronic  noise,  kT, 
is  reduced,  and  where  atoms  move  more  slowly  and  col¬ 
lide  with  much  less  energy  than  at  room  temperature. 

By  injecting  substances  that  are  gaseous  at  room 
temperature  into  the  storage  volume  of  a  cryogenically 
cooled  mater  and  allowing  them  to  freeze  on  its  walls, 
we  can  repeatedly  coat  the  walls  with  different 
materials  in  a  well-controlled  manner.  A  measurement 
of  the  average  advance  or  retardation  of  the  phase  of 


the  hydrogen  atom's  oscillating  aagnetic  dipole  (per 
collision)  is  obtained  by  aeasuring  the  frequency 
shift  of  the  aaser  signal  and  knowing  the  kinetics  of 
the  atoas  in  the  bulb.  The  average  phase  decorrela¬ 
tion  it  determined  froa  the  oscillation  line  Q,  de¬ 
fined  as 


0  = 


where  u  =  2nf  is  the  aaser  frequency,  and  yjj  is  the 
relaxation  rate  of  the  phase  froa  all  causes,  includ¬ 
ing  exit  of  the  stoat  froa  the  bulb.  The  line  Q  is 
analogous  to  the  quality  factor  of  any  conventional 
oscillator  and  appears  in  the  following  expression  for 
the  fundamental  limitation  of  frequency  stability: 
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This  is  the  one-sigma  expectation  of  the  fractional 
frequency  variation  aeasured  in  the  time  interval  r. 
Here  kT  it  the  thermal  noise  power  per  unit  bandwidth 
(k  is  Boltzaann’s  constant,  T  is  absolute  teaperature) 
and  P^  is  the  power  generated  by  the  oscillator,  in 
this  case  the  state-selected  hydrogen  atoas  that  have 
been  focussed  into  the  storage  volume. 


Additive  white  phase  noise  also  contributes  to 
the  frequency  instability;  the  variance  of  the  frac¬ 
tional  frequency  variations  froa  this  source  is  given 
by 
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where  F  is  the  receiver  noise  figure,  B  is  the  overall 
system  bandwidth  in  Hz,  and  PQ  is  the  power  delivered 
to  the  receiver. 


There  are  several  reasons  to  expect  increased 
hydrogen  aaser  stability  at  low  teaperatures. 

1.  kT  is  smaller.  This  also  affects  the  signal-to- 
noise  ratio  of  equipment  that  receives  the  meser 
signal . 

2.  Pb  can  be  made  larger.  The  limit  on  Pb  is  from 
hydrogen-hydrogen  spin  exchange  collisions  in  the 
storage  volume.  The  cross  section  for  such  colli¬ 
sion  diminishes  rapidly  with  temperature  making  it 
possible  to  have  a  much  greater  density  for  a 
given  level  of  spin  exchange  quenching. 

3.  The  lower  speed  of  the  atoms  reduces  the  wall 
collision  rate  and,  all  other  things  being  equal, 
correspondingly  increases  the  storage  time. 

4.  Many  properties  of  materials  are  much  better  be¬ 
haved  at  low  temperatures  and  excellent  magnetic 
field  control  can  be  accomplished  using  supercon¬ 
ducting  shields. 

OBJECTIVES  0£  HE  COLD  MASER  RESEARCH  PROGRAM 

The  principal  objective  of  our  present  efforts  is 
to  determine  the  behavior  of  the  various  types  of 
walls  as  a  function  of  temperature  and  to  develop  an 
understanding  of  the  fundamental  processes  governing 
the  collision  interactions. 
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The  possible  advtntages  of  operating  a  hydrogen 
■aser  at  teaperatnres  veil  below  roon  teaperatnre  have 
been  speculated  npon  for  many  years,  but  nntil 
recently  the  prospects  for  snccessfnlly  operating  snch 
a  device  at  teaperatnres  significantly  below  77K 
seeaed  aarginal.  kleppner  and  his  co-workers3  demon- 
strated  that  atoaic  hydrogen  coaid  be  contained  at  4t 
in  a  vessel  whose  walls  were  coated  with  frozen 
molecular  hydrogen.  This  gave  considerable  iapetas  to 
investigate  the  behavior  of  the  hyperfine  resonance  at 
teaperatnres  below  77S,  which  was  the  temperature 
liait  explored  by  N.  do  Saintfnscien  and  others3  in 
their  research  into  wall  relaxation  and  wall  coatings. 

In  1977  work  began  at  SAO  on  an  initial  version 
of  a  liquid  he  1  inn-cooled  cryostat  that  contained  a 
TEjjj-node  split  storage  volume  resonator  with  fluo- 
rinated  ethylene  propylene  copolymer  (FEP)  Teflon 
coated  walls.  At  first,  oscillation  could  only  be 
sustained  down  to  temperatures  of  about  55K.  Why  it 
would  not  oscillate  below  this  temperature  was  open  to 
many  questions  —  were  the  walls  of  the  storage  volume 
contaminated  because  of  the  rather  crude  vacuum  system 
we  employed,  or  was  there  a  more  fundamental  limit 
imposed  by  the  nature  of  the  atomic  hydrogen  in  its 
collision  with  the  FEP  surfaces?  To  answer  these 
questions  we  decided  to  try  a  different  approach  with 
the  cold  maser.  This  was  to  introduce  carbon 
tetraf luoride  (CF^)  gas  through  the  hydrogen  source 
structure  and  freeze  a  coating  of  this  molecule  on  the 
inside  surfaces  of  the  cavity  storage  volume.  This 
technique  provided  a  f lnorine-bonded-to-carbon  surface 
comparable  to  the  long  chain  fluoride  molecules  of 
Teflon.  The  scheme  worked,  and  greatly  to  onr 
delight,  we  were  able  to  maintain  oscillation  down  to 
temperatures  of  26K. 

This  work  was  reported3  at  the  33rd  Annual  Sym¬ 
posium  on  Frequency  Control  and  we  continued  theoreti¬ 
cal  studies  to  determine  what  advantages  would  accrue 
if  we  could  operate  at  or  below  26K.’  From  theory  we 
know  that  the  stability  would  be  well  below  1  part  in 
103®  at  1000  seconds  nrov ided  no  new  instability 
problem  arose.  However,  we  know  that  the  large  tem¬ 
perature-dependence  of  the  wall  shift  is  likely  to 
cause  difficult  requirements  for  temperature  stabili¬ 
zation  in  the  cold  maser. 

MECHANICAL  CONFIGURATION  OF  THE  COLD  MASER 

The  desig.)  of  the  maser  cryostat  required  consid¬ 
erable  effort  and  imagination  to  anticipate  as  many 
uses  as  possible  to  which  it  could  be  pat  in  a  cold 
maser  testing  program.  First,  it  had  to  be  struc¬ 
turally  reliable.  Second,  it  had  to  have  a  a  reason¬ 
ably  large  volume  in  order  to  house  a  variety  of  pos¬ 
sible  maser  cavity  and  magnetic  shield  configurations. 
We  decided  that  if  we  had  uncertainties  in  these  di¬ 
mensions  it  would  be  better  to  have  a  larger,  rather 
than  smaller,  volume.  As  an  upper  limit,  we  decided 
that  it  should  be  able  to  house  the  full  size  TEq^- 
mode  cavity  and  inner  magnetic  shield  design  such  as 
was  used  in  the  lightweight  space-probe  maser.3 

The  question  of  the  range  of  operating  tempera¬ 
tures  was  also  an  issue.  Our  previous  success  in  ob¬ 
taining  oscillation  at  temperatures  as  low  as  26k  sug¬ 
gested  that  we  should  cover  the  range  from  77k  to 
somewhere  near  4.2k  with  provision  for  stabilization 
at  any  point  between  these  temperatures.  This  was 
done  by  mounting  the  maser  cavity  on  a  tubular  sapport 
that  contains  a  constant-loss,  metered  flow  of  liquid 
helium  that  cools  the  cavity  and  offsets  heat  leakage 
into  the  system.  By  metering  a  slightly  greater  flow 
of  helium  than  required  to  offset  the  heat  leak,  an 
electrical  resistance  heater  on  the  cavity  support  can 


be  used  in  a  servo-controlled  system  to  hold  the  cav¬ 
ity  temperature  at  the  desired  level. 

For  temperatures  below  the  liquid  helium  boiling 
point,  we  included  provisions  to  change  our  method  of 
cooling  and  can  connect  the  cavity  directly  to  the 
helium  bath.  By  pumping  on  the  helium  gas,  we  should 
be  sble  to  drive  the  tempersture  well  below  4K. 

Additionally,  we  wanted  to  have  a  reasonably 
large  capacity  for  helium  so  that  disturbances  from 
filling  could  be  avoided  for  up  to  five  days  of  steady 
operation.  Since  the  projected  cavity  and  shielding 
structures  that  would  be  cooled  tended  to  be  quite 
massive  and  the  apparatus  itself  would  be  rather 
large,  we  decided  to  use  a  liquid  nitrogen  guard 
region  to  surround  the  liquid  helium  container  and  the 
sample  region.  This  reduces  the  cost  of  cryogens  used 
for  initial  cooling  and  allows  more  flexibility  of 
operation.  It  also  eliminates  the  need  for  multi¬ 
layer  reflective  insulation  (superinsulation)  and  the 
ensuing  outgassing  problems  that  could  lead  to  surface 
contamination  in  the  atomic  hydrogen  storage  volume  of 
the  maser. 

The  final  design  of  the  SAO  cold  hydrogen  maser 
cryostat  is  shown  in  Figure  1.  The  fact  that  the 
liquid  helium  and  nitrogen  tanks  are  above  the  region 
to  be  cooled  is  dictated  by  the  need  for  a  gravity 
feed  of  cryogen  to  the  cavity  region. 

The  annular  30  liter  liquid  nitrogen  tank  is 
thermally  connected  to  an  equipment  mounting  plate  of 
copper  beneath  it  and  to  a  heavy  copper  shroud  sur¬ 
rounding  the  working  volume,  which  is  roughly  22  in¬ 
ches  (S6  cm)  in  diameter  x  22  inches  (56  cm)  deep. 
Inside  it  it  the  30  liter  liquid  helium  tank,  which 
has  a  flat  base  plate  for  mounting  equipment  to 
operate  near  4k.  The  cgvity  resonstor  is  suspended 
from  a  tubular  sample  holder  that  is  thermally  iso¬ 
lated  from  the  liquid  helium  reservoir  by  being  at¬ 
tached  to  a  point  near  the  top  of  the  dewar,  allowing 
it  to  operate  at  temperatures  substantially  above  4K. 
Liquid  helium  flows  to  the  sample  holder  through  a 
needle  valve  that  controls  its  flow  rate.  The  mag¬ 
netic  shield  assembly  is  suspended  by  thermally  con¬ 
ducting  rods  from  the  nitrogen  tank  and  is  kept  near 
77k  to  prevent  the  excessive  loss  of  magnetic  shield¬ 
ing  owing  to  the  reduction  of  magnetic  permeability  at 
very  low  temperatures. 

All  the  components  are  mounted  on  the  26  inch  (66 
cm)  diameter  top  plate  of  the  cryostat  which  is  vacuum 
sealed  by  an  0-ring  to  the  vacuum  enclosure.  Access 
is  gained  to  the  assembly  by  lifting  the  plate  out  of 
the  enclosure  using  a  crane  as  shown  in  Figure  2. 

To  obtain  reasonably  fast  pumping,  as  well  as 
good  enough  cleanliness  to  permit  outgassing  the  sys¬ 
tem  at  the  at  the  10_®  torr  level,  we  use  a  turbo- 
molecular  pumping  system  with  450  liter/second 
throughpnt.  This  is  intended  to  pump  the  system  when 
it  is  at  or  above  77k.  When  liquid  helium  is  used, 
the  4  inch  diameter  gate  valves  are  closed  and  the 
system  cryopumps.  so  thst  all  gases  but  helium  con¬ 
dense  on  the  helium  tank. 


The  cavity  resonator  used  in  the  first  tests  was 
s  15  cm  diameter  z  18  cm  long  TEjjj-mode  r.f.  cavity® 
(instead  of  the  usual  28  cm  diameter  x  28  cm  diameter 
long  TE^j-mode  cavity).  This  cavity  is  eqnipped  with 
a  Teflon  septum  to  separate  the  two  regions  of  r.f. 
magnetic  field  thst  are  180  degrees  out  of  phase.  The 
remaining  interior  surfaces  of  the  cavity  are  coated 
with  FBP-120  (fluorinated  ethylene  propylene  co¬ 
polymer).  The  entry  collimator  it  split  by  the  tep- 


turn,  each  tide  leading  to  one-half  the  cavity. 

The  gas  handling  ayitea  for  the  vail  coating 
gaaea  utilize!  a  ballaat  voluae,  aetering  valves,  and 
preatnre-  and  f low-measuring  equipment.  A  aechanical 
scavenging  poap  allows  control  of  the  gas  ballast  tank 
pressnre,  as  well  as  purging  and  cleaning  of  the  sys- 
tea.  The  gat  is  adnitted  through  a  valve  and  led  to 
two  jets  located  on  the  downstrean  side  of  the 
hezapole  aagnet,  each  aiaed  into  one  of  the  input  col- 
liaators  of  the  TEj^  cavity's  storage  voluae. 

THE  COLD  HYDROGEN  DISSOCIATOg 

Hydrogen  nasers  require  a  source  of  hydrogen  at- 
oas  in  the  fora  of  a  directed  beta.  In  conventional 
aasers  operating  at  rooa  temperature  the  source  of  at¬ 
one  is  nearly  in  theraal  equilibrium  with  the  storage 
region.  In  the  cold  aasers,  however,  a  conventional 
atonic  hydrogen  source  would  be  nuch  hotter  than  the 
storage  voluae.  This  can  cause  at  least  two  types  of 
probleas.  First,  there  is  radiative  heat  transfer 
froa  the  source  to  the  cold  cavity  and  second,  there 
uncertainty  in  the  nethod  of  theraal  equilibration  of 
the  hot,  fast-aoving  hydrogen  atoas  after  they  enter 
the  cold  cavity  and  the  possibility  of  their  dislodg¬ 
ing  the  wall  coating  atoas  frozen  to  the  surface.  A 
beaa  source  cooled  at  least  to  liquid  nitrogen  teaper- 
ature  would  substantially  help  to  diminish  these 
probleas. 


Ve  have  designed  a  cryogenical ly-cooled  hydrogen 
aaser  using  an  r.f.  plasma  dissociator  operating  at 
liquid  nitrogen  teaperatnres  (771)  in  conjunction  with 
a  state  selector  aagnet  whose  dimensions  are  suitable 
for  slow  atoms.  The  focusing  characteristics  for  a 
hezapole  state  selector  aagnet  with  aazimua  fields  at 
the  pole  tipa,  H^,  provide  a  naxinua  acceptable  angle 
O  for  atoas  at  the  most  probable  velocity  in  the  beaa 
given  by 
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where  |iQ  is  the  Bohr  magneton. 


Since  the  acceptance  solid  angle  is  proportional 
to  0  *,  the  aagnet  is  approximately  4  tines  more  ef¬ 
fective  at  77K  than  at  300K.  Furthermore  —  although 
thia  is  not  a  very  important  consideration  —  the  mag¬ 
net's  length  is  reduced  by  about  one-half. 


anitable  for  the  cryogenical ly  cooled  aaser  are  at¬ 
tached  to  the  cold  structure. 


Figure  3  shows  the  device  as  it  is  built  into  the 
cryogenic  maser.  The  liquid  nitrogen  cooled  attach¬ 
ment  ring  is  bolted  to  the  cooled  copper  shroud  as 
shown  in  Figure  1. 

The  very  low  power  dissipated  by  the  glass  and 
the  plasma  within  it  has  led  us  to  try  this  type  of 
design  in  non-cryogenical ly  cooled  nasers.  Here  the 
heat  from  the  glass  it  conducted  to  the  vacuum  en¬ 
velope,  and  the  excitation  coil,  made  of  heavy  copper, 
is  also  thermally  connected  to  the  vacuum  envelope. 


This  design,  where  the  dissociator  is  wholly 
within  the  vacuum  envelope,  eliminates  the  need  for 
elastomer  seals  and  is  particularly  attractive  for  use 
in  spaceborne  masers  where  the  thermal  control  of  the 
dissociator  is  best  done  by  conductive  means  rather 
than  by  a  recirculated  air  flow  system  at  used  in  the 
1976  Kedshift  space  maser. ® 


RESULTS  OF  WALL  COATING  MEASUREMENTS  AS  OF  MAY  1983 


The  two  measurable  wall  properties  are: 

1.  The  wall  collision  frequency  shift.  This  is  ex¬ 
pressed  in  terms  of  the  average  phase  shift  per 
collision, 

2.  The  wall  relaxation  rate.  This  is  expressed  in 
terms  of  the  probability  of  loss  of  phase  per 
collision. 

Our  present  efforts  have  been  to  measure  the  wall 
frequency  shift.  The  temperature  dependence  of  the 
phase  shift  per  collision  gives  some  important  clues 
about  the  nature  of  the  interaction  between  impinging 
hydrogen  atom  and  the  wall  surface.  The  perturbation 
retults  froa  polarization  of  the  hydrogen's  electron 
wave  function  owing  to  a  dipole-dipole  attractive 
force  as  the  atom  approaches  the  wall  and  a  strong, 
repulsive  interaction  at  short  ranges  arising  from 
Pauli  exclusion  exchange  forces.  Two  types  of  fre¬ 
quency  shifting  effects  are  encountered:  1)  The 

polarization  of  the  hydrogen  atom  leads  to  negative 
frequency  shifts  because  of  the  diminished  interaction 
of  the  displaced  electron  clond  with  the  proton,  and 
2)  Pauli  forces  lead  to  positive  frequency  shifts 
resulting  froa  coapression  of  the  electron  cloud  about 
the  hydrogen  atom  and  stronger  interaction. 


By  thermally  isolating  the  r.f.  circuitry  froa 
the  dissociator  glassware,  only  dielectric  losses  in 
the  glass  and  the  r.f.  energy  coupled  to  the  plasaa 
will  result  in  the  boil-off  of  liquid  nitrogen.  We 
estimate  that  thia  is  about  one  watt  and  thus  antici¬ 
pate  a  loss  rate  of  approximately  .022  litres  per 
hour. 

The  design  of  the  dissociator  is  particularly 
simple  and  was  later  used  in  the  four  experimental- 
and  advanced-development  models  of  passive  hydrogen 
aaaera,  developed  and  tested  by  SAO  for  the  V.S.  Naval 
Research  Laboratory.2  As  with  the  other  syateas,  these 
operated  from  an  r.f.  oscillator  and  power  aaplifier 
at  80-100  MHz,  and  are  capable  of  delivering  about  S 
watts  to  the  diaaociator.  The  load  lapedance 
presented  by  the  diaaociator  is  highly  variable  be¬ 
cause  the  hydrogen  presents  very  different  electrical 
characteristics  to  the  generator  when  it  is  ionized  in 
a  plasma  state  than  when  it  is  a  nentral  gaa. 

The  glass  of  the  diaaociator  bulb  it  thermally 
connected  to  the  liquid  nitrogen  reservoir  and  it  en¬ 
closed  in  the  vacuum  system.  A  hezapole  state  selec¬ 
tor  aagnet  and  beaa  stopping  disc  with  dimensions 


These  two  can  offset  and  cancel  each  other.  The 
temperature  at  which  this  occurs  depends  on  the  sur¬ 
face  properties*-** .  low  temperatures  the  negative 
shift  dominates  and  can  be  expressed  as  an  exponential 
function  of  the  temperature,  Here  E/k  can  be 
considered  an  energy  expressed  in  degrees  Kelvin. 

Our  data  are  shown  in  Figure  4,  where  we  plot  the 
logarithm  of  the  average  phase  shift  per  collision 
against  inverse  temperature.  From  77K  to  approxi- 
aately  32K  the  data  follow  the  relationship: 

A0«6.17xlO_6e215/T. 

As  had  occurred  in  the  earlier  experiments,*  during 
the  cooling  and  measuring  process  the  maser  stopped 
oscillating  at  about  50K.  Whether  this  was  due  to 
contamination  or  was  a  consequence  of  the  nature  of 
the  FEP  Teflon  surfaces  is  still  not  clear.  At  this 
point  we  admitted  gaseous  CFg  into  the  system,  raising 
the  pressure  to  10-’  Torr  for  30  seconds,  and  waited 
for  the  surplus  to  pump  away.  The  next  day  we  took 
data,  then  allowed  the  system  to  warm  up  to  about  6 OK 
and  took  srore  data  as  the  system  cooled  again.  These 
data  are  shorn  as  open  cirolea  in  Figure  4  and  were 
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obtained  at  teaperatures  down  to  48K.  These  data  have 
a  different  relationship  with  teaperatnre  than  that  of 
the  bare  FEP  Teflon  surface: 

AO  >  11.6xlO~#e1<5/T 

Froai  this  rnn  we  observe  that  the  re-cooled  data  do 
not  fit  the  first  data  point  obtained  after  injecting 
CF^.  It  is  possible  that  the  surfaces  were  not 
heavily  coated  with  CF^  and  that  reevaporation  (or 
resubliaation)  occurred  when  we  went  to  60K,  leaving 
soae  of  the  Teflon  surface  exposed. 

During  this  run  we  suffered  a  blockage  in  the 
heliua  flow  and  were  unable  to  cool  lower  than  48t. 
However,  in  our  earlier  cryostat  we  were  able  to  get 
oscillation  at  teaperatures  as  low  as  26K,  but  were 
unable  to  rnn  at  low  enough  aagnetic  fields  to  aake 
accurate  wall  shift  aeasurenants. 

The  data  reported  in  Figure  4  agree  well  with 
those  of  de  Saintfusc ien. *  Figure  3  shows  his  data  and 
ours  plotted  on  the  saae  graph.  Here  we  see  the  ef¬ 
fects  of  phase  changes  in  the  Teflon  that  occur  near 
300K  and  200K.  A  suaaary  of  the  properties  of  FEP 
Teflon  as  they  would  apply  for  a  Baser  with  a  7  inch 
(17.8  ca)  disaster  bulb  is  given  in  Table  1.  We  show 
the  wallshift,  its  teaperatnre  coefficient,  and  the 
quantity  (df /f ) / (dT/T) ,  which  aeasures  the  fractional 
teaperatnre  sensitivity.  In  general,  at  low  teapera¬ 
tures  the  fractional  teaperatnre  can  be  controlled  at 
least  as  well  as  at  higher  teaperatures.  Neverthe¬ 
less,  we  see  that  to  realize  frequency  stability  of 
1  x  10-16  will  require  teaperatnre  control  at  the 
S  x  10~®E  level  at  SOK,  not  a  simple  natter. 


We  are  indebted  to  Mr.  Martin  Andonian  of  North¬ 
east  Cryogenics,  Inc.,  for  his  assistance  in  designing 
the  cryostats. 
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CONCLUSIONS 

It  is  clear  that  re  ere  looking  for  a  surface 
aaterial  that  does  not  alter  the  chemical  state  of  the 
inpinging  hydrogen  ston.  Beyond  this,  we  require  as 
low  an  interaction  potential  with  hydrogen  as  possible 
so  that  the  atoa  is  reflected  without  dwelling  too 
long  in  a  potential  well. 

So  far  we  are  aware  of  only  a  saall  number  of 
solid  and  liquid  materials  that  have  been  investigated 
as  storage  surfaces.  The  wallshift  interaction  ener¬ 
gies  and  their  applicable  teaperatures  are  shown  in 
Table  2  for  soae  Interesting  examples.  Of 
the  Teflons,  we  Include  here  only  the  FEP 
fluorocarbon.  Surfaces  of  liquid  heliua*  and 
heliua^  have  been  aeasured  at  very  low 
teaperatures  by  Hardy.  These  are  axtreaely 
Interesting  surfaces  with  very  low  Inter¬ 
action  energies  and  should  lead  to  soae  Inter¬ 
esting  results  when  applied  to  hydrogen 
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So  far  the  fluorocarbon  surfaces  appear  to  work 
as  low  as  2SK.  If  we  consider  what  the  fluorine  atom 
looks  like  when  bound  to  carbon,  we  note  that  its 
electronic  structure  is  that  of  the  noble  gas  neon, 
which  has  the  next  closed  electron  shell  occurring  af¬ 
ter  heliua.  It  would  appear  that  fluorine,  when  it 
looks  like  neon  to  an  outsider,  works  well.  It  is 
logical,  then,  to  try  neon  itself  as  the  surface  coat¬ 
ing  aaterial.  This  is  where  we  are  headed  as  soon  as 
we  can  get  oar  systea  to  function  at  teaperatures  be¬ 
tween  8E  and  14K, 

The  expected  frequency  stability  of  cold  aaaers, 
based  on  theraodynaaics  and  spin  sxohange  behavior,  is 
well  below  lxlO-2®  for  averaging  tines  of  100 
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bility  is  a  strong  incentive  for  continuing  the  study 
of  wall  interactions. 
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Table  1 


Performance  fil  Mu»  with 
7- inch  (17.8  SMl  Ditaeter  Bulb 


Surface 

Coating 


Wallahift 

Af/f 


Wallahift 

Teaperature 

Coefficient 

(df/dT)/f 


FEP 

FKP 

FEP 

FEP 

FEP  +  CF4 


-1.03*10-11 

-3.76*10-11 

-7.38*10-11 

-2.37*10-10 

-3.07*10-1° 


2.21*10-11 

3.14*10-13 

1.57*10-13 

1.20*10-11 

1.72*10-H 


(df/f) 

(dT/T) 


7.1*10-11 

4.7*10-11 

1.5*10-1° 

7.2*10*10 

8.6*10-1° 


Interaction  Eneraiea  and  Temperature*  of 
Varioua  Surface*  with  Atomic  Hvdroten 


Surface 

Reference 

E/K 

<K) 

T 

(I) 

FEP  Teflon 

1 

458 

300 

FEP  Teflon 

this  work 

263 

77 

FEP  Teflon 

thia  work 

215 

-50 

FEP  +  CFg 

this  work 

165 

-48 

Neon 

— 

— 

10-20(1) 

Solid  H2 

2 

38 

4.2 

Liquid  Beg 

12 

1.15 

-0.1 

Liquid  Beg 

12 

0.43 

<0.1 

Fig.  2.  Cryogenic  mater  auapended  from  vacuum  hous¬ 
ing. 
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lg.  l.  Cryogenically  cooled  hydrogen  maaer  with  low 
teaperature  dlaaooiator. 


Fig.  3.  Liquid  nitrogen  cooled  hydrogen  dlaaooiator 
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Abstract 


—  -fThe  advent  of  satellite  time  and  frequency 
comparison  techniques  has  provided  the  opportunity 
for  measuring  the  time  and  frequency  difference 
between  remote  clocks  with  greatly  improved  accura¬ 
cies.  The  paper  will  give  a  brief  review  of  various 
remote  clock  comparison  techniques;  in  particular  the 
Global  Positioning  System  (GPS)  will  be  highlighted.  ^ _ 

The  advent  of  GPS  provides  the  opportunity  for 
the  first  time  for  cost  effective,  high  accuracy, 
operational  (automatic),  international  time  and 
frequency  comparisons.  It  has  been  demonstrated  that 
where  the  ephemerides  of  the  satellites  are  known  to 
within  several  meters,  this  translates  to  an  error  of 
only  a  few  nanoseconds  in  measuring  the  time  differ¬ 
ence  between  remote  clocks  on  the  surface  of  the 
earth  as  long  as  the  remote  clocks  receive  the  GPS 
time  signal  simultaneously.  The  time  difference 
between  the  two  remote  clocks  is  obtained  simply  by 
subtracting  the  two  readings  taken  at  each  site 
resulting  from  the  common-view  measurement  minus  a 
differential  delay  constant,  which  can  either  be 
calculated  or  measured  at  the  outset.  Other  common¬ 
mode  errors  either  cancel  or  are  reduced  using  this 
simultaneous  viewing  approach;  e.g.,  the  GPS  clock 
error,  the  ionosphere,  etc.  Because  of  the  high 
inclination  to  the  ecliptic  of  the  GPS  satellite 
orbits,  simultaneous  common-view  is  possible  between 
essentially  all  principal  sites  in  the  Northern 
hemisphere,  and  principal  sites  in  the  Southern 
hemisphere  have  common-view  with  key  timing  centers 
in  the  North. 

Some  of  the  other  techniques  which  will  be 
reviewed  and  discussed  will  be  the  "two-way"  satel¬ 
lite  technique,  LASSO,  STIFT,  the  meteorological 
satellite  system  including  GOES,  and  some  other 
relevant  techniques.  The  current  status  of  these 
techniques  will  be  discussed  along  with  their  func¬ 
tionality  and  essential  characteri sties .  Some 
projections  as  to  what  the  future  holds  will  also  be 
discussed. 


With  the  advent  of  atomic  clocks  we  have  seen  a 
rapid  improvement  in  the  accuracy  capabilities 
within  the  time  and  frequency  community.  Figure  1  is 
a  plot  of  *‘ie  accuracy  of  the  primary  standards  at 
the  National  Bureau  of  Standards  indicated  by  the 
circles.  We  are  currently  using  N8S-6  with  an 
accuracy  of  8  x  10  M.  We  anticipate  with  optical 
state  selection  in  cesium  to  obtain  accuracies  of  a 
part  in  1014.  The  physics  is  essentially  completed 
for  a  standard  featuring  laser  cooling  of  mercury 
ions  stored  in  an  electromagnetic  ion  trap,  which 
hopes  to  yield,  within  this  decade,  an  accuracy  of  a 
part  in  1015.  The  sloping  line  drawn  to  fit  the 
circles  indicates  one  decade  improvement  every  seven 
years. 


Figure  1.  A  plot  of  the  accuracies  of  NBS  primary 
frequency  standards  compared  with  some 
methods  of  comparing  frequencies 
nationally  and  internationally. 


Comparing  standards  between  one  laboratory  and 
another  at  these  accuracy  levels  is  a  significant 
metrology  challenge.  The  comparison  methods  have 
usually  been  much  less  accurate  than  the  primary 
standards  and  less  stable  than  their  associated  time 
scales.  It  has  only  been  of  recent  time  with  the 
advent  of  satellite  techniques  that  one  is  able  to 
compare  with  accuracies  that  are  comparable  to,  and 
even  better  than,  the  current  accuracies  of  primary 
standards. 

Since  1969  the  international  method  of  comparing 
time  has  been  the  Loran-C  system.  Loran-C  has  the 
problem  that  it  is  not  stable  enough  to  compare 
state-of-the-art  clocks  until  time  averages  of  a 
couple  of  months  are  taken,  and  also  an  annual  term 
gives  an  additional  instability  in  this  technique. 
Figure  2  shows  a  bar  graph  comparison  of  some 
satellite  techniques  that  have  been  studied  -- 
compared  with  Loran-C.  The  Shuttle,  TDRSS,  and 
LASSO  experiments  have  no  near  term  experimental 
realization  and  though  hardware  has  been  built, 
there  are  some  uncertainties  as  to  whether  they 
will  be  conducted. [1, 2, 3, 4, 5]  The  first  row  in 
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figure  2.  Time  and  Frequency  Transfer  Accuracy 
Comparison  of  some  satellite  techniques  and  Loran-C. 
The  bottom  of  the  bar  indicates  the  accuracy  or  the 
stability  as  explained  in  the  text. 


to  this  problem,  has  been  of  the  order  of  50  nano¬ 
seconds.  [6]  With  some  recent  work  [7]  the  error 
due  to  this  problem  has  been  pushed  down  to  the 
order  of  six  nanoseconds. 

The  shuttle  experiment  called  STIFT  (shuttle 
time  and  frequency  transfer)  features  three  things 
[2];  first  a  laser  for  ranging  to  the  shuttle  from 
the  ground  with  an  accuracy  of  a  few  centimeters. 
Second  is  featured  a  three  frequency  microwave 
technique  which  accomplishes  a  Doppler  cancellation 
and  a  cancellation  of  the  ionospheric  delay. 
Third,  the  Shuttle  will  carry  an  active  hydrogen 
maser  clock  with  frequency  stabilities  of  the  order 
of  one  part  in  lO14  and  better  for  sample  times 
FREQUENCY  STABILITY 


compared  with  other  systems.  It  is  denoted  by  the 
1/t  dashed  line  marked  "VESSOT  microwave  system" 
and  "B  =  10  Hz". 


this  bar  chart  illustrates  the  time  transfer  accuracy 
and  stability  of  these  various  techniques.  The 
bottom  of  the  dashed  or  shaded  part  of  the  curve  is 
the  time  stability;  the  bottom  of  the  solid  part  of 
the  bar  is  the  time  transfer  accuracy;  i.e.,  the 
ability  to  measure  the  absolute  time  difference 
between  two  remote  points.  The  second  row  is  the 
frequency  transfer  accuracy  averaged  over  a  24-hour 
period.  There  is  a  special  case  for  the  shuttle 
experiment  (STIFT)  which  may  allow  frequency  compari¬ 
sons  of  a  part  in  1016  accuracy.  This  will  be 
explained  later.  The  third  row  is  a  cost-error 
product  in  megadol lar-nanoseconds.  The  bottom  of  the 
bar  is  the  economic-accuracy  estimate.  A  lower 
number  means  less  cost  for  more  accuracy.  The  bottom 
row  indicates  the  degree  of  global  coverage. 

Using  two-way  satellite  technique  [5]  in  a 
comparison  between  Boulder,  Colorado,  Ottawa,  Canada, 
Washington,  DC  and  Brittany  (500  km  from  Paris, 
France)  time  stabilities  of  a  few  tenths  of  a  nano¬ 
second  were  realized  and  in  a  two-way  double  hop 
experiment  between  Brittany  in  Europe  and  Boulder  via 
NRC  in  Ottawa  a  time  stability  of  6  nanoseconds  was 
realized.  The  accuracy  of  this  system,  interestingly, 
is  not  limited  by  the  reciprocity  assumption  for  the 
nearly  80,000  km  up  and  down  signal  path  which  is 
used,  but  by  the  non- reciprocity  of  the  transmitter 
and  receiver  delays.  The  accuracy  in  the  past,  due 


(1929  DATA) 


Figure  4.  RMS  time  deviation  error  as  a  function 
of  prediction  interval  for  3-frequency  microwave 
Doppler  cancellation  system  and  for  a  hydrogen 
maser  compared  to  1  radian  at  2.2  GHz. 
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convenient  to  the  tracking  and  orbit  times.  In 
Figure  3  the  stability  of  the  microwave  system  is 
shown  which  translates  to  about  one  picosecond 
phase  stability  in  the  short  term  (during  a  single 
track)  and  about  10  ps  over  an  orbit  period.  Figure 
4  shows  a  rms  time  error  analysis  of  the  system. 
This  figure  shows  that  it  may  be  possible  to  remove 
the  cycle  ambiguity  of  the  2.2  GHz  carrier.  In  which 
case  if  this  could  be  maintained  over  one  day,  this 
would  translate  to  about  one  part  in  10ni  frequency 
transfer  accuracy. 

The  GPS  will  feature  an  18  satellite  constel¬ 
lation.  There  are  nominally  four  different  techniques 
for  using  the  GPS  system  as  shown  in  Figure  5.  One 
can  also  use  a  combination  of  the  common-view  and  the 
viewing  of  several  satellites  and  reduce  the  system 
measurement  noise  even  more  than  using  common-view 
alone.  With  this  combination  approach,  a  few  parts 
in  1014  have  been  achieved  for  sample  times  of  one 
day.  Figure  6  gives  some  estimates,  using  the 
common-view  technique,  of  the  rms  errors  in  comparing 
time  between  two  remote  sites,  A  and  B,  assuming  a  26 
nanosecond  ephemeris  error.  The  satellite  is  at  an 
altitude  of  4.2  earth  radii.  The  common-view  tech¬ 
nique  yields  a  large  amount  of  common-mode  error 
cancel  1 ation. [8]  This  technique  has  been  studied 
between  the  Naval  Observatory  and  NBS  in  Boulder,  CO. 
Nine  portable  clock  trips  over  the  course  of  about 
one  year  agreed  with  the  GPS  in  common-view  to  within 
an  rms  error  of  ten  nanoseconds.  Because  of  the  high 
latitudes  of  most  timing  centers  and  because  of  the 
63°  inclination  of  the  GPS  satellite  orbits,  very 
good  common-view  is  available  between  most  sites  as 
can  be  seen  in  Figure  6.  The  analysis  illustrated  in 
Figure  6  does  not  consider  other  important  error 
sources,  such  as  the  ionosphere,  troposphere  and 
multipath  distortion.  Though  the  ionospheric  model 
has  been  studied  in  a  lot  of  detail  over  the  years, 
the  model  elements  used  in  the  GPS  are  only  about  50% 
accurate.  Fortunately,  in  the  common-view  technique, 
some  significant  common-mode  ionospheric  error 
cancellation  can  be  achieved  --  to  the  order  of  a  few 
nanoseconds.  During  nighttime  viewing,  the  total 
delay  for  the  nighttime  sky  at  ±40°  latitude  is  of 
the  order  of  5  nanoseconds  so  even  for  fairly  large 
hour  angles  the  differential  delay  may  be  stable  to 
about  a  nanosecond.  The  tropospheric  delay  for  high 
viewing  angles  is  only  a  few  nanoseconds  at  the  GPS 
frequencies  and  can  be  estimated  to  the  order  of  a 
nanosecond  if  desired.  The  errors  due  to  multipath 
distortion  can  amount  to  a  few  nanoseconds,  but  can 
nicely  be  dealt  with  from  a  stability  point  of  view 
by  making  the  common-view  measurement  once  per 
sidereal  day  i.e.,  the  viewing  geometry  for  the  two 
sites  to  the  satellite  stay  the  same.  Receivers  are 
now  being  made  by  several  different  organizations. 
We  have  built  some  prototype  units  at  the  NBS.  One 
can  quite  economically  build  a  receiver  with  a  long¬ 
term  stability  of  about  1  ns  with  an  antenna  about 
the  size  of  a  man's  thumb.  Depending  on  the  noise 
figure  and  configuration  of  the  receiver's  front  end 
short-term  stabilities  may  vary  from  1  ns  to  nearly 
30  ns.  Their  instabilities  are  typically  characteri¬ 
zed  as  a  white  noise  phase  modulation  process  hence 
the  values  are  ameanable  to  averaging,  and  the 
confidence  on  the  mean  will  improve  as  the  square 
root  of  the  number  of  values.  The  NBS  prototype 
units  are  configured  with  a  very  powerful  and  friend¬ 
ly  software  system  using  a  Z-80  microprocessor  and  a 
built-in  0.1  ns  resolution  time  interval  counter. 
All  that  is  needed  from  the  local  site  clock  are  5 
MHz  and  1  pps  signals.  The  receiver  is  RS-232 
compatible  and  coupled  to  a  modem  and  can  automati¬ 
cally  be  dialed  by  a  computer  --  making  computer 
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Fi qure  5 ,  Four  different  methods  of  doing  time  trans¬ 
fer  using  GPS. 


OPS 

attaints 


A-GPS-D, 

S  -  QPS  -P. 

A-B-«v-iy 

cow*  lent 


♦  t 
Mai  Mai 
alav  Apsi 

A _ B_  _Z_  JH® 


NOB  UINO 

70* 

7* 

IM 

MM 

4B* 

IB* 

IM 

NBC 

?•• 

7* 

IM 

44* 

to* 

4M 

MIL 

IT* 

ft* 

•  Ml 

•r  MM.M 

••  NfUN.D.)  14* 

IB* 

10  m 

USNO  BIN 

•4* 

IB* 

4  M 

TAO 

10* 

t4* 

•  m 

*  SMI  MW  t*  Mnan  Ant  wn» 
aa  m  a>»a»n«  an*. 


Figure  6.  RMS  error  estimates  to  do  time  transfer 
between  two  sites  A  and  B  with  an  RMS  GPS  satellite 
ephemeris  error  of  25  ns  --  showing  the  advantage  of 
using  GPS  In  coiwion-view.  The  locations  are:  NBS 
(Boulder,  CO);  USN0(Wash1ngton,  DC);  BIH(Parls,  France); 
PTB(Braunschwe1g,  W.  Germany);  RRL,  TAO,  and  NRIM  are 
near  Tokyo,  Japan;  and  NPL(New  Delhi,  India). 


analysis  very  straight  forward.  Internationally,  the 
Mark  III  computer  system  is  being  used  for  comparing 
GPS  common- view  data. 


The  frequency  stability  measured  between  the 
U.S.  Naval  Observatory  clock  ensemble  and  the  NBS 
clock  ensemble  is  shown  in  Figure  7.  The  stability 
of  the  difference  between  these  two  ensembles  was 
measured  at  the  one  or  two  in  1014  level  at  sample 
times  of  the  order  of  a  week  and  longer.  An  assess¬ 
ment  was  made  of  the  GPS  in  common-view  measurement 
limit  and  it  appears  to  be  about  I  part  in  10'3  at 
one  day  and  going  down  on  a  Mod.  a  (t)  plot  as  white 
noise  phase  modulation  (1'3/'2).  yIn  fact  we  have  a 
data  point  at  3.5  x  10  15  at  t  =  10  days.  This 
stability  value  was  verified  over  several  months  of 
data.  The  NBS  receiver  stability  at  t  =  1  day  is  8 
parts  in  1015  --  making  the  receiver  noise  negligible 
for  almost  all  clocks  for  t  >  1  day. 


Frequency  Stability 
UTC  (USNO)  vs.  UTC  (NBS) 


Semple  Time,  T  (a) 


Figure  7.  Frequency  stability  comparisons  using  Mod. 
a  (x).  The  x*3/^  line  corresponds  to  white  noise  PM 
T#e  s-o-t-a  are  state-of-the-art  frequency  standards. 


Consider  now  a  combination  of  common-view 
comparisons  employing  three  or  more  satellites.  If 
the  three  satellites,  denoted  i,  j,  and  k,  are 
available  to  make  independent  common-view 
measurements  between  sites  A  and  B,  and  the 
measurements  are  made  within  a  few  hours  of  each 
other  so  that  the  random  time  deviations  between  the 
clocks  at  A  and  B  are  small,  then  a  variance  analysis 
can  be  performed  on  the  sidereal  daily  common-view 
values  as  follows:  Let 


°AB' 


=  a? 


*  al 


(1) 


where  o|_,  denotes  the  measurement  variance  from  the 
common-vfew  data  time  series,  which  is  composed  of 
the  variance  of  each  of  the  site  clocks  plus  the 
variance  of  measurement  fluctuations  resulting  from 
using  GPS  space  vehicle  in  common-view.  Also,  assume 
on  the  basis  of  the  satellites  being  independent  that 
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which  can  be  measured  by  taking  a  variance  of  the 
difference  between  the  i  and  j  measurements,  since 
the  measurements  are  taken  at  nominally  the  same 
time.  Performing  this  same  analysis  on  the 
difference  between  the  i  and  k  and  the  j  and  k 
measurements  allows  the  computation, 
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which  can  be  subtracted  from  equation  (1)  yielding 
an  estimate  of  ol  *  o|  with  the  measurement  contri¬ 
bution  being  only  a  few  parts  in  10’4  at  T  =  1  day, 
and  improving  as  1/x. 

In  the  Hafele-Keating[9]  experiment,  performed 
some  years  ago  with  some  clocks  from  the  Naval 
Observatory,  the  clocks  were  flown  in  both 
directions  around  the  globe  and  verified  the  Sagnac 
effect,  since  a  disparity  of  about  200  nanoseconds 
was  observed.  One  can  do  that  same  experiment  now 
using  either  GPS  or  other  satellite  techniques 
using  the  photon  as  the  portable  clock.  The  size 
of  the  effect  is  proportional  to  a  projected  area 
on  the  equatorial  plane  --  the  area  being  that  made 
by  the  circumnavigating  photons.  The  coefficient 
of  proportionality  is  1.6  ns/Mm2.  For  GPS  signals 
going  around  the  globe  the  Sagnac  effect  will  be 
about  200  to  300  nanoseconds  depending  on  the 
particular  geometry.  We  plan  to  do  this  experiment 
this  summer  and  fall,  as  soon  as  we  have  around- 
the-  globe  capability.  Tables  1  and  2  show  the 
characteristics  of  major  time  and  frequency  dissemi¬ 
nation  systems.  Table  1  shows  the  operational  type 
of  systems  (VLF,  LF  and  high  frequency  stations, 
etc).  Table  2  shows  estimates  of  the  state-of-the- 
art  satellite  techniques  giving  the  time  stability 
and  frequency  stability  and  accuracy  of  each  of 
these  techniques.  Figure  8  is  the  a  (t)  plot 
showing  the  fractional  frequency  stability  of  these 
various  operational  and  state-of-the-art  satellite 
techniques  as  a  function  of  sample  time.  Clearly, 
satellite  techniques  for  time  and  frequency  metrol¬ 
ogy  on  a  national  and  international  basis  have  been 
and  will  be  extremely  important  in  keeping  up  with 
state-of-the-art  time  and  frequency  standards  now 


comparison  techniques.  The  MF  and  HF  notations  are 
e.g.,  WWV,  CHU,  JJY ;  the  LF  stations  are  e.g.,  WWVB, 
MSF,  DCF77. 
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TABLE  1- 


characteristics  of  the  major  t&f  dtssemination  system; 


DISSEMINATION  TECHNIQUES 

24  HOI  K 
SYNTONI- 
ZATION 
ACCURACY 

SYNCHRONI¬ 

ZATION 

ACCURACY 

AMBIGUITY 

COVERAGE 

FOP 

stated 

ACCURACY 

ViF 

RADIO 

GBR,  NBA,  OMEGA, 

ETC. 

_  .  . 

i  x  io-  n 

. 

ENVELOPE 

1  -  10  ms 

1  CYClE 

nearly 

global 

IF 

RADIO 

STANDARD  FREQUENCY 
BROADCAST  (e.p. ,  WWB) 

1  »  10' 1 1 
PHASE  24h 

ENVELOPE 

1  -  10  ms 

YEAR 

USA  -  LIMITED 
(WWVB) 

ioran-c 

5  *  IO-’2 

I  MS  (GNC) 

50  MS  (SKY) 

TOC  15  MIN 
PHASE  10  MS 

SPEC1A. 

AREAS 

MF  /Mf 
RADIO 

standard  frequence 

BROADCAST  (e.g  ,  WWV) 

1  ,  IO'7 

100D  ys 

CODE  - 
YEAR 

VOICE  -  1  DAi 
TICK  -  1  s 

HEMISPHERE 

TELE¬ 
VISION 
(VHF/5HF 
RADIO  ) 

PASS I\£  LINE- TO 

1  x  10'” 

1  MS 

(line  of 
sipht) 

33  ms 

NETWORK 
COVERAGE 
[Useful  only  it 
local  areas  in 
UNA) 

SATEL¬ 

LITE 

(DM* 

RADIO) 

GOES 

2  x  )Cf’C' 

50ms 

‘ 

1  year 

WESTERN 

HEMISPHERE 

transit 

3  x  U>"’° 

30  ms 

15  MINS 

GLOBAL 

PORTABLE 

CLOCKS 

PHYSICAL 

transfer 

1  X  10- ” 

10  ns  to 

100  ns 

N/A 

LIMITED  P* 
TRANSPORT  AT  IC’N 

TABLE  2. 

INTERNATIONAL 

TIME  AND  FREQUENCY  COMPARISON  (« 

1  ms) 

T/F  Transfer 

Synchroni zation 

Time 

24  Hour 

Tectiniaua. 

.  -Accuracy— 

Stability 

Syntonization 
,  Accuracy — 

Caver  age. 

0) 

GPS  (Common-view) 

10  ns 

a  few  ns 

£  10' 

Global 

(2) 

Shuttle  (STIFT) 

1  ns 

0.001  ns 

1 

o 

v<> 

To  i  57°  Latitude 

(3) 

GOES  (Trilateration)  10 

a  few  ns 

<  10' !  3 

All  but  near  the  poles 

(4) 

LASSO 

1  ns 

0.1  ns 

•V  IO'1" 

Depends  on  Implementation 

(5) 

fGPS 

AO  ns* 

10  ns 

'3X  io'13 

Global 

(6) 

f2-Uay  (Communica¬ 
tion  Satellite) 

*10  ns 

■c  l  ns 

]  u 

■v  JO 

All  but  near  the  poles 

V) 

Portable  Clock 

10  ns  to  100  ns 

N/A 

i  io'12 

Global  (Best  accuracy  within 
reasonable  driving  vicinity 
of  Air  Ports) 

(8) 

*Loran-C 

S00  ns 

n.  40  ns 

£  io'12 

Excludes  most  of  Asia  and 
Southern  Hemisphere 

♦This  inaccuracy  way  Increase  if  the  GPS  C/A  code  is  deteriorated  for  strategic  reasons. 
+These  techniques  have  been  demonstrated. 
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Summary 

— ^This  paper  presents  data  obtained  during  an  interna- 
-  tional  time  transfer  experiment  between  the  Bureau 
International  de  l'Heure  (BIH),  Paris,  France;  the  In¬ 
stitut  Fur  Angewandte  Geodasie  ( IFAG) ,  Wettzell, 
Germany  and  the  Bendix  Field  Engineering  Corporation 
(BFEC),  Columbia,  Maryland  utilizing  OPS  timing  re¬ 
ceivers  developed  for  the  NASA-Goddard  Space  Flight 
Center  (GSFC)  by  the  Naval  Research  Laboratory.  The 
purpose  of  the  experiment  was  to  determine  the 
accuracy  of  the  GPS  time  transfer  receivers  for  the 
NASA  laser  ranging  network  and  to  intercompare  geo¬ 
graphically  separated  atomic  frequency  standards. 

Two  NASA-GSFC  hydrogen  masers  and  a  high  performance 
cesium  beam  frequency  standard  in  thermally  controlled 
chambers  were  used  for  the  frequency  baseline  at  BFEC. 
The  IFAG  frequency  baseline  was  established  using  an 
EFOS-I  hydrogen  maser  and I.  two  Oscilloquartz  cesium 
beam  frequency  standards.^  The  data  from  France  is 
comprised  of  a  high  performance  cesium  beam  frequency 
standard  at  8IH  and  a  hydrogen  maser  at  the  Centre 
National  d'Etudes  des  Telecommunications  (CNT).  Data 
is  presented  on  the  intercomparison  of  masers  and 
cesiums  using  direct  comparison  to  the  Naval  Obser¬ 
vatory  (USNO),  BFEC,  BIH,  CNT  and  IFAG  via  portable 
clocks,  Loran-C  and  TV  Line  10.  Data  on  the  GPS 
NAVSTAR  satellites,  with  typical  rms  values  of  less 
than  50  nanoseconds,  is  also  presented.  A  discussion 
of  the  time  transfer  technique  and  frequency  measure¬ 
ments  Is  Included. 

INTRODUCTION 

As  an  outgrowth  of  the  Navigation  Technology  Satellite 
(NTS)  timing  receivers  development  (ref.  1)  in  1977  by 
the  Naval  Research  Laboratory  (NRL)  and  the  Goddard 
Space  Flight  Center  (GSFC),  a  joint  effort  was  started 


in  1979  to  develop  Global  Positioning  System  (GPS) 
timing  receivers  using  signals  radiated  by  the  GPS 
satellites.  In  support  of  the  GSFC  Crustal  Dynamics 
Program  (ref.  2),  the  GPS  timing  receivers  were  de¬ 
signed  for  use  in  the  GSFC  Transportable  Laser  Ranging 
Network,  which  requires  submicrosecond  timing  for  cor¬ 
relation  of  highly  accurate  satellite  tracking  data 
with  time. 

In  1981  a  prototype  GPS  receiver  was  completed  and 
successfully  tested  at  the  NASA's  Merritt  Island 
Tracking  Station  at  the  Kennedy  Space  Center  (ref.  3). 
During  this  time  NASA  was  also  involved  in  the  SIRI0- 
2 /LASSO  experiment  (ref.  4).  It  was  planned  to  use 
the  new  GPS  receivers  in  conjunction  with  the  LASSO 
timing  experiment  to  provide  an  independent  measure¬ 
ment  of  the  synchronization  between  participating 
LASSO  laser  ranging  sites  in  Europe  and  the  U.S.  The 
expected  accuracy  of  the  LASSO  was  to  be  used  to  cali¬ 
brate  the  GPS  receivers  and  to  determine  their  ac¬ 
curacy  for  use  in  the  GSFC  laser  ranging  network.  The 
other  intent  of  this  LASSO/GPS  experiment  was  to 
intercompare  Hydrogen  masers  and  other  atomic  stand¬ 
ards  over  intercontinental  distances. 

Although  the  launch  of  SIRI0-2/LASS0  was  not  success¬ 
ful,  it  was  decided  to  continue  with  the  GPS  phase  of 
the  experiment  and  install  GPS  receiver  at  selected 
sites  in  Europe  and  the  U.S.  The  participating 
agencies  were  the  NASA  Goddard  Space  Flight  Center, 
the  Naval  Research  Laboratory,  the  Bureau  Interna¬ 
tional  de  l'Heure  and  the  Centre  National  d’Etudes  des 
Telecommunications  (Paris,  France),  the  Institut  fur 
Angewandte  Geodaesie  (Wettzell,  Federal  Republic  of 
Germany)  and  the  Bendix  Field  Engineering  Corporation. 
The  participation  of  the  U.S.  Naval  Observatory  is 
acknowledged  for  providing  the  common  time  reference 
to  which  all  observations  were  reduced. 
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The  experiment  was  run  for  a  period  of  seven  months, 
from  October  1982  through  April  1983.  Independent 
measurements  were  provided  via  portable  clock  trips  in 
the  U.S.  and  Europe  and  via  Loran-C  and  TV  line-10  in 
the  U.S. 

The  NAVSTAR  Global  Positioning  System  (GPS) 

Many  references  to  the  GPS  signal  structure  and  oper¬ 
ation  can  be  found  in  the  literature  {see  references 
in  ref.  3  and  ref.  5).  GPS  comprises  three  segments. 
The  Space  Segment,  the  Control  Segment  and  the  User 
Segment.  The  phase  III  Space  Segment  will  consist  of 
a  constellation  of  18  to  24  satellites,  six  to  eight 
in  each  of  three  orbital  planes.  The  satellite  orbits 
are  nearly  circular  at  an  altitude  of  about  20,000  km 
and  inclined  55°  to  the  equator.  The  period  is  one- 
half  of  a  sidereal  day,  resulting  in  a  constant  ground 
track,  but  with  the  satellite  appearing  4  minutes 
earlier  each  day. 

Each  satellite  transmits  its  own  identification  and 
orbital  information  continuously.  The  transmissions 
are  spread  spectrum  signals,  formed  by  adding  the  data 
to  a  direct  sequence  code,  which  is  then  biphase  mod¬ 
ulated  onto  a  carrier.  At  the  present  time,  the  con¬ 
trol  segment  consists  of  a  master  control  station  and 
four  monitor  stations.  The  user  segment  consists  of  a 
variety  of  platforms  containing  GPS  receivers,  which 
track  the  satellite  signals  and  process  the  data  to 
determine  position  and/or  time  by  simultaneous  or 
sequential  reception  of  at  least  four  satellites. 

Time  Transfer  Method 

To  transfer  time  via  a  GPS  satellite,  pseudo-range 
measurements  are  made  consisting  of  the  propagation 
delay  of  the  received  signal  biased  by  the  time  dif¬ 
ference  between  the  satellite  clock  and  the  ground 
station  reference  clock  (see  fig.  1  and  ref.  2  and  3). 
Data  from  the  navigation  message  contain  the  satellite 
clock  information  and  the  satellite  ephemeris,  which 
allows  one  to  compute  the  satellite  position.  Since 
the  position  of  the  satellite  and  of  the  ground  sta¬ 
tion  are  known,  the  computed  propagation  delay  can  be 
subtracted  from  the  pseudo-range  and  then  corrected 
for  the  GPS  time  offset,  to  determine  the  final  result 
of  ground  station  time  relative  to  GPS  time,  which  can 
be  referenced  to  the  U.S.  Naval  Observatory. 

The  final  results  obtained  from  a  single  frequency  re¬ 
ceiver,  such  as  the  ones  used  in  this  experiment,  will 
contain  a  small  error  due  to  the  atmospheric  delay, 
which  may  be  modeled  and  corrected.  If  two  ground 
stations  clocks  are  synchronized  to  GPS  time,  the 
results  can  be  subtracted  to  obtain  the  time  differ¬ 
ence  between  the  ground  station  clocks.  This  can  be 
done  at  any  time,  but  the  best  results  are  obtained 
when  data  is  taken  simultaneously  by  each  ground  sta¬ 
tion  from  the  same  satellite  (common  view),  since  any 
error  contributed  by  the  satellite  clock  is  cancelled 
when  the  data  is  subtracted. 

GPS  Time  Transfer  Receiver  (TTR) 

The  GPS  TTR  (ref.  2)  is  a  microcomputer  based  system 
which  operates  at  the  single  L-band  frequency  of  1575 
MHz.  The  receiver  uses  the  C/A  code  only  (1.023  MHz), 
tracking  this  code  to  within  3*  of  a  chip  (  30  ns). 
The  receiver  has  the  capability  to  track  satellites 
throughout  their  doppler  range  from  horizon  to  hori¬ 
zon,  and  can  track  any  GPS  satellite  by  changing  the 
receiver  Internal  code.  In  this  experiment  the  re¬ 
ceivers  were  kept  stationary,  however,  work  is  in  pro¬ 
gress  to  add  position/navigation  capabilities,  so  as 
to  obtain  time  and  position  either  on  a  stationary  or 
on  a  moving  platform.  The  block  diagram  in  fig.  2 


shows  the  GPS  receiver  configuration.  Operator  inter¬ 
face  with  the  receiver  is  provided  by  a  keyboard  and 
CRT  display.  The  time  data  is  stored  on  disks  and  can 
also  be  outputted  to  an  external  printer/computer  via 
a  serial  data  interface. 

General  Organization  of  the  International  GPS  Experiment 

The  general  organization  of  the  experiment  is  depicted 
in  fig.  3.  Clock  comparisons  at  the  respective  sites 
were  carried  on  via  the  NAVSTAR/GPS  system  using  GPS 
satellites  3,  4,  5  and  6.  Independent  time  compar¬ 
isons  were  made  at  the  beginning  and  at  the  end  of  the 
experiment  via  portable  clock  trips  to  participating 
facilities.  Local  TV  links  were  used  to  intercompare 
site  clocks  when  possible,  namely  between  the  USN0  and 
BFEC  and  between  BIH  and  CNT  in  Paris.  In  addition, 
regular  clock  trips  (3  per  week)  were  made  between  the 
USN0  and  BFEC. 

BIH  &  CNT 

The  receiver  was  initially  installed  at  the  BIH  on 
October  3,  1982.  A  malfunction  occurred  on  Oct  30  and 
the  receiver  was  returned  to  NRL  for  repair  and  rein¬ 
stalled  at  BIH  on  January  5,  1983.  The  local  time 
base  at  BIH  for  the  experiment  was  a  HP  5061  Cesium 
standard  configured  as  shown  in  fig.  4. 

On  February  2  the  receiver  was  installed  at  the  Centre 
National  d'Etudes  des  Telecommunications  (CNT),  also 
located  in  Paris,  where  a  hydrogen  maser  was  available 
as  the  local  time  reference  and  configured  as  shown  in 
fig.  5.  The  hydrogen  maser  was  replaced  with  a 
cesium  standard  near  the  end  of  the  experiment. 

Wettzell  Laser  Tracking  and  VLBI  Site  (Germany) 

The  time  system  for  the  GPS  experiment  at  the  Wettzell 
site  was  arranged  as  shown  in  fig.  6.  The  local  time 
base  consisted  of  an  Osci 1 loquartz  EF0S  (Etalon  de 
Frequence  Osci 1 loquartz)  hydrogen  maser,  that  was  con¬ 
tinuously  compared  with  an  Osci 1 loquartz  cesium 
standard.  A  Loran-C  receiver  provided  an  independent 
reference.  Initial  set-up  and  tracking  began  October 
12,  1982,  and  the  reference  frequency  standards  for 
the  receiver  are  as  listed  in  the  following  table: 


Dates 

Type  of 

Standard 

12  Oct. 

-  10  Nov. 

1982 

Cs 

131 

11  Nov. 

-  15  Dec. 

1982 

Cs 

173 

15  Dec. 

-  29  Apr. 

1983 

H-maser 

EF0S 

Bendix  Field  Engineering  Corporation  (BFEC) 

The  equipment  configuration  at  BFEC  is  shown  in  fig. 
7.  The  local  time  base  was  provided  by  an  NP-2  hydro¬ 
gen  maser,  with  a  HP-5061  (opt.  004)  cesium  standard 
as  a  back-up.  Time  comparisons  to  the  USN0  using  the 
TV  line-10  method  were  provided  daily;  in  addition 
three  portable  clock  trips  to  the  USN0  were  made  every 
week.  The  local  time  standards  were  kept  in  thermally 
controlled  chambers. 

Results  of  the  Timing  Experiment 

The  data  presented  were  taken  during  the  first  75  days 
of  1983  at  BIH,  CNT,  IFAG  and  BFEC.  At  the  end  of 
January  1983  the  receiver  at  BIH  was  taken  to  CNT, 
where  data  were  taken  until  the  end  of  April.  Fig.  8 
shows  typical  raw  data  behavior,  showing  the  aging  of 
the  NP-2  hydrogen  maser  at  BFEC  versus  UTC  (USN0)  com¬ 
pared  via  GPS  satellites  3,  4,  5  and  6.  The  best 
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results  are  for  satellites  3  and  5;  the  portable  clock 
trips  are  in  excellent  agreement  (within  50  ns)  with 
the  GPS  synchronization  results  after  a  constant  cali¬ 
bration  offset  (bias)  was  removed  from  the  GPS  data. 

The  following  figure  (fig.  9)  shows  the  GPS  synchroni¬ 
zation  data  at  SF EC  referenced  to  the  UTC  (USNO)  via 
TV-line  10  measurements;  these  were  calibrated  using 
portable  clock  trips,  and  the  same  constant  calibra¬ 
tion  offset  was  removed.  The  data  show  an  agreement 
of  +  50  ns  (on  the  average)  with  the  GPS  measurements. 

The  data  shown  in  fig.  10  represent  the  characteristic 
behaviour  of  the  NP-2  hydrogen  maser  at  8FEC  as  com¬ 
pared  to  UTC  (USNO)  via  the  GPS  satellites.  The  mea¬ 
surements  taken  from  satellites  3,  4,  5  and  6  are 
shown  in  this  composite  plot  demonstrating  the  agree¬ 
ment  of  the  time  measurements  as  determined  by 
individual  satellites. 

Fig.  11  through  14  shows  the  data  taken  at  each  loca¬ 
tion  indicating  the  synchronization  accuracy  obtained 
via  each  satellite,  with  frequency  offset  and  aging 
removed. 

The  additional  data  in  fig.  15  was  taken  at  BFEC  from 
day  81  thru  day  105  and  demonstrates  the  accuracy  and 
the  reliability  of  the  synchronization  obtained  via 
the  GPS  satellites  over  a  period  of  three  and  a  half 
months  of  continuous  operation. 

The  results  of  this  experiment  are  summarized  in  the 
table  below,  showing  that  the  overall  accuracy  of  the 
synchronization  via  the  Global  Positioning  System  is 
consistently  better  than  100  ns,  and  meet  the  synchro¬ 
nization  requirement  of  the  NASA  laser  ranging  net¬ 
work. 

International  GPS  Time  Transfer  Experiment 
Absolute  Accuracy 


UTC(USNO) 

-  UTC (STATION) 

Date 

Station 

Via  P.C. 

Via  GPS  TTR 

(PC-GPS) 

(us) 

(us) 

(us) 

10/16/82 

WET 

-55.796 

-55.663 

-  .133 

4/16/83 

WET 

+  8.880 

+  8.906 

-  .026 

10/9/83 

BIH 

-  .460 

-  .471 

+  .011 

4A?/S3 

CNT 

+  2.020 

+28.954 

+  .066 

l!/>;/82 

BFC* 

+  .020 

+  .042 

-  .022 

3/23/83 

BFC* 

-  .710 

-  .723 

-  .013 

*  Constant  GPS  receiver  bias  removed 
P.C.  *  Portable  Clock 
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Figure  9.  Time  Transfer  NOB  -  BFC 


Figure  11 


PRECISION  TIMEKEEPING  AT  THE  OBSERVATORY  LUSTBUHEL,  GRAZ,  AUSTRl 


D.  Kirv;i:it*r 

Dept,  of  Communications  and  Wave  Propagation,  Technical  University  ‘-r  c  ,  Austria 


SUMMARY 

‘After  a  short  overview  of  the  activities  of  the-s<  i:.- 
statutes  which  share  the  facilities  of  the  Observatory 
Lustbiihel,  the  timekeeping  station  and  other  systems  of 
the  observatory  employed  for  time  transfer  purposes  are 
described.  Furthermore  the  results  obtained  with  dif¬ 
ferent  frequency  and  time  comparison  methods  and  an 
overview  of  envisaged  activities  are  given.. 

Introduction 


housed  in  five  standard  la"  racks  and  two  fur the 
for  the  compute r  and  j  arts  of  its  v  r . r.nerals  ar. 
the  (IPs- receiving  sysc.-rr..  A  s  i  mj  1  i  :  i  -  i  funct: 
gram  of  the  set-up  is  shown  in  Finuro  ■« .  The  nvs 
Hints  cf  the  following  main  parts: 

-  Frequency  and  time  standards 

-  Equipment  used  to  compare  the  It  cal  star.  iard« 
other  standards  arc un J  the  world 


The  Observatory  Lustbiihel  is  situated  on  the  top  of  a 
hill  at  the  outskirts  of  the  city  cf  Graz.  Figure  1 
shows  the  geographic  location  of  Graz,  the  second  lar¬ 
gest  city  of  Austria,  and  the  distances  fr<.  Graz  to¬ 
other  timekeeping  laboratories,  to  the  transmitters  of 
the  Norwegian  and  Mediterranean  LORAN-C  chains  and  to 
other  VLF  and  LF  transmitters . 

The  Observatory  Lustbiihel  is  jointly  owned  by  four  in¬ 
stitutes  of  the  two  universities  of  Graz  and  is  also  the 
home  of  the  Space  Research  Institute  of  the  Austrian 
Academy  of  Sciences  which  acts  as  an  interdisciplinary 
. nk  between  these  institutes.  The  following  Table  lists 
three  of  the  four  institutes  and  indicates  their  prin¬ 
cipal  research  fields  persued  at  the  observatory : 

-  Institute  of  Meteorology  and  Geophysics: 

Satellite  beacon  measurements  (dif ferential-Doppler 
and  Faraday-ef feet  measuremen ts ) 

Theory  of  Magne tospheric  physics 

-  Institute  of  National  Surveying  and  Photogramme try : 
Satellite  geodesy:  optical  observations 

Doppler  observations 
LASER  observations 

-  Department  of  Communications  and  Wave  Propagation: 
Microwave  propagation 

Satellite  communication 
Timekeeping 

Figure  2  shows  the  observatory  with  its  two  domes,  one 
for  astronomical  observations  and  the  other  for  the 
LASER  telescope,  and  the  different  antennas  on  the  roof. 
In  the  foreground  at  the  left  hand  side  one  can  see  the 
pillar  of  the  camera  for  optical  observations  and  on  the 
right  hand  side  the  satellite  earth  station. 


-  Measurement  am!  data  acquis 1 t.i'  r.  systt-ir..  Tho  syst'-r. 
controller  is  •  used  to  exchar; ae  Jat.i  ;rh-'r 

laboratorios  via  a  worldwide  tine-  sharin':  :  r.r  r 
so  rvieo . 


Furthermore  oquirm*  r.r  exists  *:•:  :‘r«-*quo r  a 
t  ribut  i  o-n  i : . s  i  do  ' : r'v se r  vat  -  .  y  jr.d  r  t i.e 
mgs.  Thor*-  are  .*1  -  .K  vio  s  u  porma::-:. 1 1  y 
peraturo  ,  iiun.i  d i  ty  m  i  r an.'me-tri  c  trossur-' . 
power  supply  f  .r  tire  r.i nek-*e;- ir.q  ?r.  is 

rately  in  tht.-  cLscrvG  .  ry  :.-\r  r. 

The  frequer cv  s tajid arcs  are  t w~  Ce si  am-ht- a n:  r y:  --a 
ards  model  HP  506!  A  with  clock  cr  tiers  arc.  sepira-* 
standby  power  supplies.  One  the  standards  ;.•••.  .c.  :  - 

t  i  on  00*1  h  i  gh  performs  n  ce  Ce  s  i  urn- be  am.  r  id  •  * .  ;  'r.  o  - t  r 
two  serves  as  master  and  is  used  in  connect ic:.  wi  *■:*.  v . 
ILC  model  6  459  high  performance  digital  deck  whi.’h  ;  r  ~ 
vides  system  time. 

Since  the  beginning  cf  regular  operation  {  1  ‘  fro.y.n  :.- 

cy  and  time  comparisons  arc-  made  by  VLF/LF,  tolevisi.r 
and  LORAN-C  timing  techniques.  Since  als  satel¬ 

lite?  time  transfer  techniques  are  employed. 

The  measurements  are  made  automatically  by  an  elect?  r;c 
counter  with  a  single  snot  resolution  cf  2  ns  which,  may, 
if  required,  bo  replaced  by  one  of  20  ps.  Th.e  c cur. tv  r , 
switches  for  signal  routing,  a  digital  clock  and  several 
other  devices  are  all  interconnected  via  the  HP-Trtor- 
face  Bus  {HP-IB,  GP-IB,  IEEE-488  interface  or  IEC-Bus’ 
with  an  HP  9825  desktop  computer  as  controller  to  form  an 
automated  measurement  and  data  acquisition  system*.  In 
order  to  standardize  as  much  as  possible  RS-2  L'C  is  tdv 
only  other  interface  standard  used  besides  the  IEEE- 4 89. . 
All  data  are  stored  on  magnetic  tape  cartridges  and  the 
most  important  ones  are  also  recorded  by  strip  chart,  re¬ 
corders  . 


Timekeeping 

The  timekeeping  station  serves  two  purposes:  firstly  it. 
has  to  support  all  measurements  carried  out  at  the  ob¬ 
servatory  with  the  required  precise  time  and  frequency 
information  and  second  the  installation  is  used  to  con¬ 
duct  experiments  to  study  the  performance  of  novel  and 
more  precise  time  comparison  methods.  For  this  purpose 
on  the  other  hand,  the  facilities  provided  by  the  sa¬ 
tellite  earth  station,  the  LASER  ranging  station  and 
other  installations  are  available. 

Basic  installation 

All  of  the  timekeeping  equipment  is  situated  in  a  special 
air  conditioned  room  on  the  observatory's  ground  floor. 
The  temperature  is  kept  at  21*1°  C  and  the  humidity  at 
4515  %.  The  equipment  is  operated  via  an  uninterruptib¬ 
le  power  supply. 

Figure  3  shows  the  main  part  of  the  equipment  which  is 


GPS-recei ving  equipment 

Since  the  end  of  1982  signals  emitted  by  the  satellites 
of  the  Global  Positioning  System  (GPS)  are  used  by  means 
of  a  commercial  receiver  model  TTS-502  of  Stanford  Tele¬ 
communications,  Inc.  (STI)  for  frequency  and  time  com¬ 
parisons.  A  detailed  deseribtion  of  the  GPS  time  trans¬ 
fer  concept  and  the  STI  TTS-502  system  is  given  else¬ 
where^  . 

Figure  5  shows  the  GPS  antenna  and  the  pre-amplifier 
housing  on  the  top  of  the  building  and  Figure  6  the  GPS- 
recciver  together  with  the  above  mentioned  system  con¬ 
troller  to  which  it  is  connected  via  an  RS-232C  inter¬ 
face.  Figure  7  shows  a  schematic  of  the  TTS-502  system 
and  demons trates  the  connection  to  the  computer.  The  re¬ 
ceiver/;  rocessor  is  interfaced  to  the  system  terminal  via 
an  RS-232C  interface.  The  computer  can  be  corrected  by  a 
switch  to  the  RS-232C  printer  po^t  of  the  terminal  or  al¬ 
ternatively  to  the  optional  RS-732C  output  of  tht'  re- 
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-  Antenna  diameter: 


cei ver/processor.  In  switch  position  A  and  running  the 
appropriate  programme  in  the  cornpui ^r,  the  data  from 
the  GPS-receiver  are  collected,  preprocessed  in  the 
computer  and  stored  on  magnetic  tape.  In  switch  posi¬ 
tion  B  all  information  displayed  on  the  system  termi¬ 
nal  is  put  out  via  the  computer  to  a  printer,  e.g.  to 
obtain  a  hardcopy  of  the  data  base  actually  used  by 
the  receiver. 

The  software  used  to  incorporate  the  GPS-receiver  in 
the  automated  timekeeping  system  is  illustrated  in 
Figure  S.  One  has  to  distinguish  between  the  main  pro¬ 
gramme  (P&D)  and  the  automatic  GPS-me asu remen t  program 
(GPS-A)  which  is  activated  at  certain  times  by  the 
main  programme  and  those  which  are  activated  by  opera¬ 
tor  intervention  using  special  function  keys  of  the 
computer.  The  latter  programmes  are  used  to  input  GPS- 
measuring  times  in  accordance  with  the  receiving 
schedule  previously  fed  into  the  TTS-502  via  the  sys¬ 
tem  terminal  at  data  base  initialization,  to  exchange 
GPS-measuring  results  via  the  General  Electric  Mark  III 
Computer  Service,  to  produce  hard  copies  of  the  TTS-502 
system  terminal  display  (GPS-B)  and  to  display,  print 
out  and  store  GPS  data  at  any  time. 


3 


m 


-  Antenna  gain: 


4B  dB  at  11  GHz 


-  Pre-amplifier: 


uncooled  parametric  amplifier  or 
GaAs  Fet  low  noise  amplifier 


-  Down  conversion:  two  stage:  first  IF  (750±250y  MHz, 

second  IF  70  MHz 


-  System  noise  tem¬ 
perature:  360  K  or  750  K 

-  Video  signal  S/N:  40  dB 


-  Transmitting  power:  up  to  225  W 


Since  the  Lustbiihel  satellite  station  is  also  equipped 
f o”  transmission  attempts  have  been  made  to  measure  the 
range  to  the  satellite  to  improve  the  orbital  parame¬ 
ters. 


The  positions  of  the  participating  stations  have  been 
established  in  a  Doppler  campaign  carried  out  in  1979^. 


The  automatic  GPS  measurement  programme  (GPS-A)  runs  at 
predi fined  times  and  performs  the  following  tasks: 

-  Recording  of  raw  values  on  magnetic  tape.  All  data 
categories  will  be  stored  which  have  been  selected 
at  data  base  initialization  of  the  TTS-502  system. 

-  Computation  of  a  linear  regression  over  each  mea¬ 
surement  interval. 


LASER  ranging  station 


The  LASER  station  was  set  up  between  1980  and  1982  main¬ 
ly  for  geodetic  applications.  To  take  part  in  the  LASSO 
experiment  (LASER  synchronization  frcm  stationary  orbit) 
as  a  two-way  station  in  addition  to  the  short  pulse  low 
energy  NdrYAG  LASER  system  a  ruby  LASER  with  higher 
energy  however  at  the  expence  of  pulse  length  has  been 
installed6. 


-  Storage  of  the  parameters  of  the  linear  regression 
and  other  values  in  the  format  used  by  the  U.S.  Naval 
Observatory  as  described  elsewhere3.  In  addition  to 
these  parameters  also  the  tropospheric  and  iono¬ 
spheric  corrections  and  other  parameters  may  be 
stored. 

-  Printout  of  the  time-error  and  other  parameters  of 
inte rest . 

During  operation  of  this  programme  by  operator  inter¬ 
vention  one  can  put  out  the  raw  values  on  the  display 
of  the  computer  or  initiate  a  printout  of  the  raw 
values  in  the  TTS-502  data  format  on  an  external  prin¬ 
ter. 

Satellite  earth  station,  OTS-II  experiment 

Since  the  end  of  1980  one  year  of  time  comparisons  were 
carried  out  via  the  experimental  European  communication 
satellite  OTS-II  between  the  Observatory  Lustbuhel  and 
the  Van  Swinden  Laboratory  Delft  (Netherlands ) 4.  Later 
on  this  experiment  was  continued  on  a  broader  basis 
and  at  present  five  European  laboratories  participate 
in  this  experiment.  The  method  used  is  the  well  known 
television- time  transfer  technique  with  the  only  dif¬ 
ference  that  the  signals  are  coming  from  a  geostatio¬ 
nary  satellite  instead  of  from  a  ground  based  transnit- 
ter.  The  main  problem  with  this  method  results  from  the 
fact  that  even  a  geostationary  satellite  moves  and  sin¬ 
ce  one  uses  a  one-way  method  an  exact  knowledge  of  the 
satellite  position  is  mandatory  as  demonstrated  in  the 
following:  For  twenty  measurements,  one  measurement 
every  other  second,  one  obtains  a  1  o  standard  devia¬ 
tion  between  5  and  10  ns  but  poor  orbit  determinations 
may  cause  jumps  of  several  hundred  nanoseconds  from  one 
day  to  the  next^. 

In  Graz  the  satellite  earth  station  of  the  observatory 
is  used  for  this  experiment.  The  main  characteristics 
of  this  station  are: 


Both  systems  are  mounted  on  the  same  LASER  bench  and 
allow  to  switch  from  one  LASER  to  the  other  to  make  use 
of  the  same  LASER  telescope.  At  present  the  Nd : YAG 
LASER  is  in  full  operation  and  yields  excellent  results. 

The  most  interesting  features  of  the  LASER  station  are7 : 


-  Two  LASER  systems: 


pulse  width 

j4l 

Nd: YAG 

0. 1  ns 

0. 1  J 

2.5  to  10  Hz 

ruby 

3  to  6  ns 

2.5  to  4  J 

up  to  0.25  Hz 

-  Optical  switching  between  the  two  LASER'S  under  com¬ 
puter  control 

-  High  precision  mount: 
pointing  accuracy  <5  arc  secs 

-  Receiving  telescope: 
aperture  50  cm 

optimized  for  ruby  and  frequency-doubled  Nd: YAG  wave 
lengths 

IS IT-TV- Camera 

-  Detection: 

single  photon  electron  level 

-  Transmitting  telescope: 

beam  divergence  variable  from  5  to  200  arc  secs 
(computer  controlled) 

-  Aircraft  detection  system 

-  Minicomputer  controlled 

-  Observation  periods  restricted  to  0000-0600  local  time 
by  civil  aviation  authorities. 

i 

Analoguous  to  the  timekeeping  station  all  instruments 
are  connected  via  the  IEEE-488  interface  and,  whenever 
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possible,  use  is  made  of  commercially  available  instru¬ 
ments.  Figure  9  shows  the  LASER  bench  and  Figure  10  the 
computer,  system  terminal,  monitor  of  the  ISIT-Camera, 
measuring  equipment  and  the  mount  controlling  hardware. 
Figure  11  shows  the  receiving  and  transmitting  tele¬ 
scope  with  the  aircraft  detection  package  above  the 
receiving  telescope  and  the  ISIT-Caraera  below  it. 

Data  exchange 

For  data  exchange  with  other  institutions  the  conven¬ 
tional  telex  network  and  the  worldwide  computer  time 
sharing  service  Mark  III  of  General  Electric  is  used. 

At  present  the  latter  proves  to  be  the  most  cost  effec¬ 
tive  and  time  saving  means  of  data  exchange.  The  con¬ 
nection  between  Mark  III  and  the  measurement  processor 
of  the  timekeeping  station,  which  is  used  as  an  intel¬ 
ligent  terminal  by  running  a  terminal  emulation  soft¬ 
ware  is  done  by  a  300  baud  modem  and  dial-up  telephone 
line.  Data  received  via  Mark  III  may  be  stored  on  mag¬ 
netic  tape.  Furthermore  a  mailbox  system  is  installed 
in  Mark  III  by  which  immediate  communication  between 
the  laboratories  connected  to  Mark  III  is  possible. 

Results 

The  generated  timescale  is  UTC(TUG)  and  its  rate  is 
identical  with  the  rate  of  one  of  the  two  Cs-frequency 
standards . 

Since  1977  the  timekeeping  station  at  the  Observatory 
Lustbuhel  takes  part  in  the  work  of  the  BIH  on  TAI ,  ini¬ 
tially  with  one  and  later  with  two  clocks.  The  weights 
given  to  these  two  clocks  by  BIH  are  shown  in  Figure  12. 
Figure  13  gives  the  relationship  between  UTC  and  UTC (TUG) 
obtained  by  LORAN-C  measurements  and  clock  transporta¬ 
tions  carried  out  by  the  U.S.  Naval  Observatory  as  pub¬ 
lished  by  the  BIH  in  Circular  D.  The  differences  be¬ 
tween  UTC- UTC (TUG)  as  computed  by  the  BIH  and  obtained 
from  clock  transportations  are  given  in  Table  1. 


Year 

1977 

1978 

1979 

1981 

Clock  Tr.-BIH 

BB 

0.  3  us 

0.  4  us 

definition  of  origin 

Table  1:  Differences  between  the  clock  transportations 
and  LORAN-C  measurements  (BIH  Annual  Report) 

Furthermore  from  Figure  i 3  one  can  see  that  the  clock 
is  free  running  and  time  steps  are  introduced  to  keep 
the  UTC(TUG)  scale  within  about  -5  us  of  the  UTCscale. 

Since  the  beginning  of  1983  time  comparisons  are  made 
on  a  regular  basis  using  the  transmissions  of  the  GPS 
satellites  and  the  results  are  made  available  via 
Mark  III.  For  a  period  of  about  four  months  (January  lO, 
1983  to  May  3,  1983)  Figure  14  gives  the  results  of  time 
comparisons  between  the  U.S.  Naval  Observatory  and  the 
Observatory  Lustbuhel  using  the  GPS  satellites  Navstar 
#4,5,  and  6  (SV#8,5,9)  in  a  common-view  mode®.  The  USNO 


measurement  times  and  the  values  ITTC(  USNO) -GPS  are  made 
available  by  USNO  via  Mark  III.  The  approximate  coordi¬ 
nates  of  the  USNO  and  the  Observatory  Lustbuhel  are  39° 
North  Latitude,  77°  West  Longitude  and  47°  North  Lati¬ 
tude  and  15°  East  Longitude.  The  resulting  baseline  has 
a  length  of  about  7000  km.  Because  the  measurement  times 
at  USNO  and  TUG  may  differ  by  several  minutes  the  USNO 
data  are  related  to  the  TUG  measurement  times  by  using 
tne  intercept  and  slope  of  the  time-errors  reported  by 
USNO.  The  receiving  schedule  is  updated  on  a  daily  ba¬ 
sis  so  that  the  satellites  are  always  used  at  the  same 
individual  elevations  and  azimuths.  Elevation  and  azi¬ 
muths  and  other  figures  of  interest  are  listed  in  Tab¬ 
le  2. 

From  the  beginning  of  the  measurements  to  February  26, 
1983  the  TTS-502  was  operated  by  the  software  original¬ 
ly  supplied  which  could  not  make  complete  use  of  the 
new  navigation  message  disseminated  by  the  GPS  satel¬ 
lites  since  January  15,  1983.  Since  February  28,  1983 
the  TTS-502  is  operated  by  a  new  software  which  was  sup¬ 
plied  by  STI  as  an  upgrading  kit  for  the  receiver. 

Therefore  one  has  to  distinguish  data  of  three  periods: 

-  January  10  to  11: 

Tropospheric  and  ionospheric  corrections  applied 

-  January  12  to  February  28: 

No  tropospheric  and  ionospheric  corrections  applied 

-  Since  February  28: 

Again  tropospheric  and  ionospheric  corrections  applied 

In  order  to  demonstrate  the  magnitude  of  these  correc¬ 
tions  their  ranges  as  applied  by  the  receiver  since 
January  28,  are  given  in  Table  2. 

The  new  software  applied  on  February  28  led  to  a  jump  of 
97  ns  ±10  ns.  This  figure  is  computed  by  using  linear 
regressions  over  lO  days  of  data  before  and  after  the 
jump.  For  further  computations  this  step  and  a  frequen¬ 
cy  offset  of  3.7*10-13  between  the  two  time  scales  have 
been  removed.  Furthermore  the  readings  of  January  10 
and  11  were  reduced  by  the  ionospheric  and  tropospheric 
corrections.  The  residuals  from  a  linear  best  fit  through 
the  modified  data  are  shown  in  Figure  15  differentiating 
between  the  individual  satellites. 

Also  shown  in  Figure  14  are  the  results  of  time  compa¬ 
risons  between  USNO  and  TUG  using  the  LORAN-C  transmit¬ 
ter  Sylt  of  the  Norwegian  LORAN-C  chain.  To  be  able  to 
distinguish  between  GPS  and  LORAN-C  data  to  the  latter 
a  constant  of  1  us  is  added.  One  can  clearly  see  a  sea¬ 
sonal  effect  in  the  LORAN-C  data  which  could  also  be 
seen  in  comparing  the  OTS-II  time  transfer  results  with 
the  corresponding  LORAN-C  data4.  On  April  29,  1983  a 
comparison  with  a  portable  clock  of  USNO  was  made  which 
resulted  in  a  time  difference  UTC (USNO) -UTC (TUG)  =  -0.4us 
±0.2  us.  The  corresponding  values  of  the  GPS  and  LORAN-C 
measurements  as  given  by  linear  regressions  over  10  days 
around  April  29  are  -0.37  us  ±0.01  us  and  -0.46us  ♦0. 1  us, 
respectively.  Taking  into  account  that  the  1PPS  fed  into 


Navstar^ 

S  V# 

Clock 

Laboratory 

E le vat  ion 

Azimuth 

Data  age 

Troposph.  C. 

4 

8 

Rb 

USNO 

$0° 

28° 

<2  h 

not  available 

TUG 

430 

319° 

10-llns  |  14-28  ns 

5 

5 

Cs 

USNO 

62° 

44° 

<5  h 

not  available 

TUG 

36s 

304° 

12  ns 

16  -  32  ns  1 

6 

9 

Cs 

USNO 

370 

51° 

<12  h 

• 

not  available  l 

TUG 

6CP 

298®  ^ 

— 

8  ns 

11-23  ns 

Table  2:  Elevation  and  azimuth  at  the  measuring  times  at  USNO  and  TUG;  ionospheric  and  tropospheric  cor¬ 
rections  and  other  figures  of  interest  for  the  used  spacecraft. 
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t_he  GPS- receiver  as  reference  is  delayed  by  *0  ns  (L  m  of 
coaxial  cade)  against  UTC(TUG)  one  arrives  at  a  zero 
difference  between  GPS  and  the  portable  clock  measure¬ 
ment. 

Plots  of  the  square  root  of  the  Allan  variance  for  the 
GPS,  LORAN-C  and  the  best  period  (20  days)  of  the 
OTS-II^  data  are  given  in  Figure  16.  The  stability  cur¬ 
ve  given  tor  GPS  is  calculated  using  the  modified  data 
of  the  whole  measurement  period  shown  in  Figure  14  and 
using  the  data  obtained  by  all  three  satellites.  For 
LuRAN-C  two  curves  are  given;  the  one  with  the  lower 
stability  applies  to  time  transfers  with  USNO  and  that 
with  the  gieater  stability  for  time  comparisons  inside 
Europe.  The  best  stability  experienced  with  the  OTS-II 
time  comparisons  are  comparable  to  the  stability  ob¬ 
tained  for  the  GPS  measurements.  Also  included  in  Fi¬ 
gure  15  ir-i  lines  which  indicate  the  necessary  stabili¬ 
ty  to  obtain  a  time  transfer  accuracy  of  10,  25,  50, 

100  and  250  ns,  respectively.  In  addition  to  that  the 
typical  frequency  stability  of  a  high  performance  Cs 
frequency  standard  of  cemmerical  type  is  included^.  One 
can  see  that  a  1  a  accuracy  of  better  than  25  ns  is  ob¬ 
tained  and  that  for  periods  of  some  days  the  stability 
of  the  GPS  measurements  is  greater  than  the  stability 
of  Cs  clocks  of  standard  performance. 

Envisaged  activities 

Although  in  1981  the  responsible  authorities  were  given 
a  detailed  research  concept,  no  financial  backing  after 
1983  is  yet  foreseen. 

Assuming  further  support  the  following  activities  are 
planned: 

-  Further  studies  of  the  use  of  TV-signals  transmitted 
by  geostationary  satellites  for  one-way  time  transfer 
measurements. 

-  Further  attempts  to  improve  the  orbit  determination 
by  range  measurements  to  the  satellites. 

-  Use  of  the  ISIT-Camera  of  the  LASER  ranging  system  to 
improve  the  position  determination  of  satellites  by 
optical  observations. 

-  Two-way  time  transfer  experiments  using  geostationary 
satellites . 

-  Upgrading  of  the  timekeeping  station:  purchase  of  an 
additional  clock  and  replacement  of  the  desktop  com¬ 
puter  by  a  minicomputer. 

-  Use  of  the  GPS  receiving  system  to  study  the  perfor¬ 
mance  of  the  Global  Positioning  System  for  both  time 
transfer  and  position  determination. 

-  Study  of  LORAN-C  groundwave  propagation  effects  with 
the  help  of  GPS. 

-  Participation  in  a  future  LASSO-type  experiment. 

-  Participation  in  other  continental  and  intercontinen¬ 
tal  time  transfer  experiments. 
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Fig.  9  LASER  bench 
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Fig.  12  Weights  of  the  TAI  clocks  CS  524  and  CS  1654 (opt . 004) 
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Pig.  13  Diagramme  of  the  difference  UTC  -  UTC(TUG)  measured  by  LORAN-C  and  the  results  of 
portable  clock  visits  carried  out  by  USNO 
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Fig.  15  Residuals  from  a  linear  best  fit  to  the  GPS  data  of  Figure  14  after  removing  the  time 
step  of  87  ns  on  February  28,  1983  and  subtracting  the  ionospheric  and  tropospheric 
corrections  from  the  readings  of  January  10  and  11,  1983. 
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CHV  Canada  broadcasts  continuously  on 
3.330  MHz,  7,335  MHz  and  14.670  MHz  with  powers  of  3 
kW,  10  kW  and  3  kw  respectively.  Voice 
announcements  of  the  time  are  made  in  French  and 
English  each  minute,  and  an  FSK  time  code  Is 
broadcast  In  the  31st  to  39th  seconds  pulses.  The 
NRC  time  signals  are  broadcast  Canada-wide  each  day 
by  the  Canadian  Broadcasting  Corporation  at  12.00 
noon  ET  on  their  French  network  and  at  1.00  p.m.  ET 
on  their  English  network.  Talking  clocks  In  French 
and  English  can  be  accessed  on  the  DDD  telephone 
network.  The  FSK  code  Is  also  available  on  the  DDD 
telephone  network,  with  triply  redundant  code 
generators  and  logic  circuits  to  ensure  an  error 
free  code.  Prototype  remote  clocks  have  been 
developed  which  measure  and  correct  for  the  delay 
from  the  remote  location,  ensuring  millisecond 
accuracy  even  via  satellite.  The  two-way  satellite 
time  transfer  experiment  using  the  Symphonic 
satellite  terminated  July  1,  1983  after  4  years  with 
France  and  two  years  with  Germany.,  Two  satellite 
ground  stations  with  3  m  antennas  and  1  W  power  have 
been  Installed  near  the  NRC  time  laboratory.  Two- 
way  transfer  using  low  power  CW  tones  via  Teleaat 
Canada  Anik  satellites  In  the  6/4  GHz  commercial 
band  has  achieved  subnanosecond  precision.  Tests  of 
prn  code  transfer  are  planned. 


This  report  on  Time  Dissemination  from  NRCC 
will  Include  all  of  the  systems  mentioned  in  the 
summary,  but  the  weighting  of  the  satellite  portion 
will  be  In  the  inverse  proportion  to  that  In  the 
summary.  However,  It  Is  Important  to  remember  that 
there  are  perhaps  a  million  customers  for  1  s 
accuracy  for  every  one  at  1  us  accuracy.  For  the 
general  public,  second  accuracy  is  required, 
although  now  with  crysal  watches  they  want  0.1  s 
accuracy.  They  don't  need  It,  but  they  want  It,  and 
we  must  take  that  Into  account.  For  operational 
networks,  such  as  TV,  millisecond  precision  is 
desirable,  and  for  navigation  and  communication 
networks,  microsecond  precision,  and  more  and  more, 
nanosecoad  precision,  is  required. 

The  NRC  time  signals  are  broadcast  Canada-wide 
dally  on  the  AM  stations  of  the  Canadian 
Broadcasting  Corporation,  at  12:00  noon  ET  on  the 
French  network,  and  at  1:00  pm  ET  on  the  English 
network.  Talking  clocks  in  French  and  English  at 
the  NRC  laboratories  can  be  accessed  on  the  DDD 
telephone  network. 

CHU  Canada  broadcasts  continuously  on 
3.330  NRz,  7.335  MHz  and  14.670  MHz  with  powers  of 
3  kU,  10  kW,  and  3  kW  respectively.  These  odd 
frequencies  were  chosen  over  fifty  years  ago,  for 
practical  communication  considerations,  at  the  top 


of  the  80,  40  and  20  meter  amateur  bands.  Voice 
announcements  are  made  in  French  and  English  each 
minute  and  an  FSK  time  code  is  broadcast  in  the  31st 
to  39th  seconds  pulses. 

The  FSK  code  is  also  available  on  the  DDD 
telephone  network,  with  triply  redundant  code 
generators  and  logic  circuits  to  ensure  an  error 
free  code.  Prototype  remote  clocks  have  been 
developed  which  measure  and  correct  for  the  delay 
from  the  remote  location,  ensuring  millisecond 
accuracy  even  via  satellite.  We  hope  these  clocks 
will  find  their  way  into  most  cable  TV  system,  where 
an  automatic  call/week  would  ensure  time  display  of 
0.1  s  accuracy.  This  would  make  precise  time 
continuously  available  to  a  very  large  fraction  of 
the  Canadian  public.  We  are  also  trying  to  persuade 
TV  stations  to  display  graphic  clocks,  ticking  off 
perhaps  10  seconds  to  the  hour,  as  is  common  in  many 
European  TV  networks. 

Four  years  ago1  we  reported  here  on  the  two-way 
time  transfer  between  France  and  Canada  using  the 
Symphonic  satellite.  This  experiment  terminated 
July  1,  1982,  after  4  years,  and  for  the  last  two 
years  Canada/France,  Canada/Germany  and 
France/Germany  transfers  were  made  once  or  twice  a 
week.  The  results  were  used  by  the  BIH  in 
constructing  TAI ,  but  with  an  experimental  satellite 
the  experiment  was  bound  to  end.  The  results  of  the 
transfer  between  NRC  and  PTB  in  Braunschweig  are 
given  In  Figure  1.  The  time  scales  In  both 
laboratories  are  controlled  by  primary  cesium 
clocks. 

To  have  a  practical  operational  time  transfer 
network,  we  must  have  a  much  more  economical  system, 
with  small  low  power  terminals  at  the  laboratories, 
and  using  commercial  satellites.  We  have  been 
experimenting  with  the  system  the  radio  astronomers 
used2  to  measure  the  phase  difference  between  the 
local  oscillators  at  VLBI  stations.  In  this  system 
pairs  of  low  power  CW  tones  are  exchanged  between 
the  stations,  and  the  difference  frequency  between 
CW  tones  Is  recovered  to  effect  the  phase  or  time 
transfer. 

Two  satellite  ground  stations  with  3  m  antennas 
and  1  W  power  have  been  Installed  near  the  NRC  time 
laboratory  for  operation  in  the  6/4  GHz  commercial 
satellite  band.  In  the  first  experiments  the  Anik 
Al  satellite  of  Telesat  Canada  was  used.  Tones  with 
the  frequencies  fo  ±  16  MHz  and  fo  ±  16.5  MHz  were 
transmitted,  and  the  difference  frequen.  ies  of 
32  MHz  and  33  MHz  recovered.  The  1  MHz  difference 
was  also  recovered  to  Identify  the  cycle  of  the 
32  MHz.  The  results  of  one  run  are  shown  In 
Figure  2.  The  rms  deviation  from  the  32  MHz  signal 
la  1.07  ns,  and  the  10  point  running  average  is  well 
within  1  ns. 
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Recently  we  have  been  using  a  simpler  format 
with  only  two  tones,  fo  t  0.5  MHz,  to  recover  1  MHz 
directly,  and  I  wish  to  discuss  these  experiments  In 
more  detail. 

As  Anlk  A1  has  died,  we  were  assigned 
channel  7,  6185  MHz,  on  Anlk  A3.  In  Figure  3  a 
simplified  diagram  of  the  transmitter  Is  given.  All 
signals  are  derived  from  a  5  MHz  cesium  standard. 

One  reason  for  showing  our  transmitter  and  receiver 
circuits  is  to  emphasize  that  commercial  up- 
converters  and  down-converters  that  we  have  tried 
and  have  seen  advertised  have  too  much  residual  FM 
for  the  very  narrow  band  receivers  that  we  must  use 
to  recover  the  low  level  signals.  These  are  more 
than  50  dB  down  from  the  signals  used  In  the 
Symphonle  experiment.  In  the  lower  left  of  Figure  3 
the  spectrum  analyzer  output  of  our  transmission  Is 
shown.  The  carrier  Is  suppressed  by  30  dB  from  the 
1/6  W  In  the  t  0.5  MHz  tones,  and  the  strongest 
overtone  Is  15  dB  down. 

In  Figure  4  the  portion  enclosed  by  the  dotted 
line  Is  a  commercial  frequency  agile  receiver,  but 
we  found  It  necessary  to  synthesize  all  local 
oscillator  frequencies,  to  reduce  the  Initial  8  kHz 
residual  FM  to  a  fraction  of  1  Hz. 

In  Figure  5  the  details  of  the  narrow  band 
detector  are  given.  The  final  5  MHz  phase  lock  loop 
Is  a  third  order  loop  with  an  effective  bandwidth  of 
about  0.1  Hz. 

Typical  results,  that  is,  the  best  results,  are 
given  In  Figure  6.  The  rms  deviation  Is  0.4  ns. 

With  10  s  averaging  of  the  phase  lock  loop,  the 
results  are  very  similar  to  the  10  s  average  of  the 
32  MHz  signals  obtained  earlier. 

However,  we  do  experience  Interference  from 
other  satellite  or  ground  services  at  times.  Figure 
7,  with  results  from  one  hour  earlier  than  those  in 
Figure  6,  shows  such  Interfering  noise,  which  Is 
certainly  to  be  expected  at  the  very  low  levels  at 
which  we  are  operating. 

Indeed,  we  understand  that  In  Washington 
operation  In  the  6/4  GHz  band  Is  Impossible,  but  the 
14/12  GHz  band  Is  practical  and  It  Is  available 
commercially.  We  will  obtain  14/12  GHz  hardware  for 
one  ground  station,  and  expect  about  15  dB 
Improvement  from  the  Increased  antenna  gain. 

It  Is  considered  that  our  present  1  MHz 
experiment  was  a  test  of  a  PRN  code  system,  with 
none  of  the  bits  missing.  With  commercial 
geostationary  satellites,  the  station  keeping  Is 
such  that  very  little  Doppler  shift  Is  expected,  and 
path  delays  can  be  accurately  predicted,  so  that 
little  search  capability  Is  required  for  a  PRN  code 
system.  We  must,  at  an  early  date,  decide  what  we 
want  by  way  of  hardware.  I  understand  that  Comsat 
and  the  USNO  are  carrying  out  some  modem  tests  at 
the  moment.  Always  an  optimist,  I  hope  that  In  a 
year  we  can  link  NRC,  USNO  and  NBS  with  the 
beginning  of  an  operational  network  that  could  put 
nanosecond  accuracy  and  subnanosecond  precision 
anywhere  In  the  world  served  by  geostationary 
commercial  satellites,  at  a  cost  of  $40,000  per 
station. 
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Figure  2. 

The  10  Point  Running  Average  And  Standard  Deviation  Of 
Thi  Recovered  1  MHz  and  32  MHz  Signals  Via  Anlk  A1 . 
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Figure  3. 

Block  Diagram  Of  The  Transmitter  Synthesizer, 
And  The  Transmitted  Signal. 
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Figure  4. 

The  R.F.  Portion  Of  The  Receiver.  The  Box  Enclosed  By 
The  Dotted  Line  Is  A  Commercial  Receiver. 


Figure  6. 

The  Stability  Of  The  Recovered  1  (1Hz  Signal  Compared 
To  The  1  MHz  Used  To  Generate  The  Modulation. 
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Figure  7. 

The  Stability  Of  The  Recovered  1  MHz  Siqnal  Durinq 
Periods  Of  Interference. 
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Figure  5. 

The  Narrow  Band  Detector  Used  To 
Recover  The  1  MHz  Signal . 
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SUPERCONDUCTIVE  TAPPED  DELAY  LINES  FOR  LOW-INSERTION-LOSS  WIDEBAND  ANALOG  SIGNAL-PROCESSING  FILTERS* 
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Summary  substrates,  chirp  filters  with  bandwidths  as  g 


—  Transversal  filters  have  been  realized  as 
miniature  superconductive  tapped  electromagnetic  delay 
lines.  The  low  loss  of  superconductors  permits  the  use 
of  a  compact  stripline  structure  which  offers  useful 
delay  at  microwave  frequencies.  Taps  are  realized  as 
backward-wave  couplers  or  as  impedance  discontinuities. 
Chirp  filters  are  formed  by  cascading  such  couplers  of 
increasing  length.  Pulse  expansion  and  compression 
have  been  demonstrated  over  a  2.6-GHz  bandwidth.  By 
weighting  the  taps,  side-lobe  levels  .have  been  reduced 
to  25  dB  below  the  peak  output.  A  coupled-mode 
analysis  has  been  employed  for  predicting  the  response 
of  this  class  of  filters  and  has  achieved  very  good 
agreement  with  experiment.  The  analysis  also  predicts 
that,  if  coupling  were  increased  to  reduce  insertion 
loss  below  about  10  dB,  significant  phase  distortion 
results  with  a  commensurate  degradation  of  side-lobe 
levels.  —  Air  algorithm  has  oeen  developed  whereby  the 
tap  positions  are  adjusted  so  as  to  predistort  the 
phase  response  in  a  way  which  compensates  for  the 
distortion  caused  by  the  heavy  tap  weighting. 
Subsequent  analysis  of  the  predistorted  device 
demonstrates  that  41-dB  relative  side-lobe  levels  can 
be  achieved  in  a  Hamming-weighted  filter  with  3  dB 
insertion  loss.  The  technique  is  applicable  to 
acoustic  and  optical  grating  filters. 


Introduction 

Transversal  filters,  also  known  as  Kallman  or 
finite-impulse-response  filters,  are  widely  employed  as 
matched  filters  for  analog  signal  processing.  More 
recently  surface-acoustic-wave1"2  and  acousto- 
optic2’3  technologies  have  been  developed  and  used  to 
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recently  surf ace-acoustic-wave1 and  acousto- 
optic2’^  technologies  have  been  developed  and  used  to 
fabricate  transversal  filters  with  bandwidths  as  great 
as  1  GHz. 

Linear  frequency-modulated  (LFM)  filters,  also 
known  as  chirp  filters,  are  commonly  constructed  as 
transversal  filters  and  are  valuable  components  in 
high-performance  radar,4’5’®  spread-spectrum 

communications,  and  spectral  analysis  systems.  These 
filters  are  characterized  by  impulse  responses  which 
have  an  instantaneous  frequency  which  increases  or 
decreases  linearly  in  time  (called  "up"  and  "down 
chirps"  respectively),  and  consequently  have  a  linear 
group-del ay-vs-frequency  characteristic. 

A  technology  must  offer  three  essential  functions 
if  a  transversal  filter  is  to  be  realized:  signal 
delay,  tapping  of  the  signal  stream  at  specified  delays 
and  with  specified  weights,  and  summation  of  the  tapped 
signals.  He  have  exploited  the  low  loss  of  super¬ 
conductive  transmission  lines  to  realize  transversal 
filters  as  miniature  tapped  electromagnetic  delay 
lines.7’8  Electromagnetic  delay  lines  offer 
Inherently  wide  bandwidth  (up  to  a  few  tens  of 
gigahertz)  but  only  several  nanoseconds  of  delay  per 
meter.  To  achieve  reasonable  delays  (10-1000  ns)  in  a 
small  volume,  the  transmission  lines  must  be  reduced  in 
size.  This  results  In  an  Increased  transmission  loss 
and  precludes  the  use  of  normal  conductors. 

Employing  microfabrication  techniques  to  form 
miniature  niobium  strlpllnes  on  low-loss  dielectric 

**This  work  supported  by  the  Department  of  the  A rny. 
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substrates,  chirp  filters  with  bandwidths  as  great  as 
3.6  GHz  and  dispersion  as  great  zs  64  ns  have  been 
produced  in  a  compact  planar  forn.  In  this  pap' r  are 
presented  the  basic  structure  of  these  tapped  delay 
lines,  a  brief  discussion  of  their  analysis,  synthesis, 
and  fabrication,  a  presentation  of  achieved  device 
performance,  and  a  new  technique  for  the  design  of 
high-performance  filters  with  low  insertion  loss. 


Device  Design,  Modeling,  and  Fabrication 


Stripline  is  used  because  of  its  superior 
isolation,  delay,  and  dispersion  characteristics 
compared  with  microstrip  or  coplanar  constructions  of 
equal  substrate  area.  The  stripline  pattern  is  defined 
in  a  single  layer  of  superconductive  thin  film 
surrounded  by  two  layers  of  low-loss  dielectric,  both 
of  which  ar''  coated  with  superconductive  ground 
planes.  Two  distinct  coupling  configurations,  labeled 
proximity-tapped  and  reflectively  tapped,  have  been 
exploited. 

Proximity-Tapped  Delay  Lines  (PTDL).  In  this 
configuration,  the  input  signal  Ts  launched  as  a 
forward-propagating  wave  on  one  of  a  pair  of  coupled 
lines.  At  specified  points  along  the  line  pair,  a 
fraction  of  the  signal  energy  is  coupled  onto  a 
backward-propagating  wave  on  the  second  line. 
Backward-wave  couplers111  are  employed  to  effect  this 
coupling.  The  strength  of  each  coupler  is  determined 
by  the  spacing  of  the  lines  and  its  peak-response 
frequency  is  determined  by  the  line  length  between 
transitions  in  line  spacing. 

Suppose  that  an  array  of  these  couplers  were 
cascaded  end-to-end  as  shown  in  Figure  1(a).  Suppose 
further  that  the  length  of  the  couplers  were  a  linear 
function  of  length  along  the  line.  The  resulting 
structure  has  a  local  resonant  frequency  which  is  a 
linear  function  of  delay.  In  other  words,  it  is  a 
chirp  filter  with  a  linear  group-del ay-vs-frequency  (or 
quadratic  phase)  relationship.11  The  strength  of  the 
couplers  is  controlled  by  varying  the  line  spacing  s  to 
give  a  desired  amplitude  weighting  to  the  response. 


BACKWARD  WAVE 
COUPLER 


THROUGHPUT 


THROUGHPUT 


Figure  1(a)  Chirp  filter  formed  by  cascading  backward- 
wave  couplers,  (b)  Reflectively  tapped  chirp  filter. 

In  the  time  domain,  each  coupler  represents  two 
taps,  one  with  a  positive  impulse  response  and  one  with 
a  negative,  corresponding  to  the  two  transitions  in 
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line  spacing  s.  The  realization  of  a  canonical  tapped 
delay  line  as  a  cascade  of  backward-wave  couplers  Is 
straightforward.  There  Is  a  direct  analogy  between 
this  stripline  filter  and  normal-incidence  acoustic  or 
optical  grating  filters. 

It  Is  noteworthy  that  both  ends  of  the  line  pair 
are  accessible.  Thus,  In  the  case  of  a  chirp  filter, 
both  up-chirp  and  down-chirp  filter  performance  may  be 
obtained  from  a  single  device.  In  general,  for  lightly 
tapped  lines  (>10  <0  insertion  loss),  for  which 
multiple  Internal  reflections  are  negligible,  the 
impulse  response  from  one  terminal  pair  Is  the 
time-reverse  of  that  from  the  other.  The  device  Is 
thus  its  cwn  matched  filter,  a  convenient  advantage  for 
some  applications. 

Reflectively  Tapped  Delay  Lines  (RTOL).  Taps  can 
also  ~5e  effected  by  steps  in  line  characteristic 
impedance  from  a  reference  impedance  Zr  to  a  tap 
impedance  Zt  *nd  back.  In  this  case,  coupling  occurs 
between  forward-  and  backward-propagating  waves  on  a 
single  line.  The  impedance  changes  are  most  easily 
produced  by  changing  the  line  width  w  {Figure  1(b)). 
The  tap  positions  along  the  line  are  the  same  as  those 
along  the  line  pair  of  the  PTDL,  and  weighting  can 
easily  be  achieved  by  varying  Zt. 

The  advantage  of  the  RTOL  is  that  a  single  line, 
not  a  line  pair.  Is  used;  it  thus  offers  twice  the 
dispersion  of  a  PTOl  on  the  same  substrate.  It  is  also 
immune  to  the  directivity  problems,  of  proximity 
couplers  on  anisotropic  subst rates On  the  other 
hand,  the  RTOL  Is  much  more  susceptible  to  reflection- 
producing  Impedance  discontinuities  such  as  those 
caused  by  photolithographic  defects,  substrate 
thickness  variations,  and  voids  between  the  dielectric 
layers.  The  spurious  reflections  are  directly  coupled 
into  the  output  of  the  RTOL  but  are  to  first  order 
Isolated  from  the  PTOL  output. 

Modeling 

From  the  previous  section  one  can  see  how  a  chirp 
filter  with  prescribed  tap  positions  and  weights  Is 
constructed.  It  Is  also  useful  to  determine  the 
expected  frequency-domain  characteristics  of  a  single 
device  and  the  performance  of  a  pair  of  devices  as 
matched  filters. 

Coupllng-of -modes  theory^  has  been  applied  to 
analyze  these  devices.  The  coupled-mode  equations  are 

3j-K(z)S(z)  (la) 


In  the  general  case  of  arbitrary  amplitude 
weighting  and  coupling  strength,  Eq.  (la)  and  (lb)  mist 
be  Integrated  numerically.  This  Is  facilitated  by  the 
transformation  of  the  two  equations  to  a  single  Rlcattl 
equation,  a  nonlinear  first-order  equation.  As  the 
variations  of  R,  S,  and  (k{  are  gradual  on  the  scale  of 
changes  in  the  dephasfntj  term,  it  Is  possible  to 
approximate  this  equation  by  Fresnel  Integrals  In  a 
piecewise  fashion. 

Computations  have  been  performed  in  this  manner  to 
model  the  superconductive  chirp  filters,  although  the 
model  is  just  as  applicable  to  normal-incidence 
acoustic  and  optical  gratings.  It  Is  noteworthy  that 
phase  and  amplitude  distortions  caused  by  strong 
coupling  are  Included  to  arbitrary  accuracy. 

By  integrating  Eqs.  (la)  and  (lb)  at  a  set  of 
frequencies  across  the  band  of  interest,  the  transfer 
function  of  the  device  (amplitude  and  phase  vs 
frequency)  is  obtained.  Such  calculations  are  compared 
with  experimental  results  later  In  this  paper. 

Fabrication 

From  the  specified  device  parameters  (center 
frequency,  bandwidth,  insertion  loss,  and  amplitude 
weighting  function),  a  synthesis  routine  Is  used  to 
generate  the  desired  tap  positions,  tap  weights,  and 
the  resulting  line  separations  or  widths  .  The 

proximity-tapped  delay  line  shown  schematically  In 
Figure  1(a)  would  be  difficult  to  fabricate,  being 
typically  1-mm  wide  and  3-m  long.  To  utilize  round 
substrates  with  a  minimum  number  of  small-radius  bends, 
the  delay  line  is  wound  up  into  a  quadruple-spiral 
configuration. 

Computer-aided  design  techniques  are  used  to 
accurately  approximate  the  spiral  delay  line  with 
several  thousand  rectangles  for  subsequent  photomask 
generation.  Reflectively  tapped  lines  are  designed  by 
similar  techniques  and  laid  out  as  a  double  spiral. 

Niobium  films  are  deposited  on  the  dielectric 
wafers  to  a  thickness  of  3000 A  by  RF  sputtering  and 
patterned  by  reactive  Ion  etching. 

In  the  package,  the  second  wafer  with  Its  ground 
plane  Is  held  In  place  against  the  patterned  wafer  by 
an  array  of  springs,  preventing  air  gaps  which  would 
cause  Impedance  discontinuities.  The  RF  terminals, 
brought  to  bonding  pads  at  the  wafer  edge,  are 
connected  with  short  strips  of  0.5-mm-wlde  ribbon  to 
SMA  connectors  brought  through  the  back  of  the  package. 


and 
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where  R  is  the  complex  amplitude  of  the  forward- 
propagating  wave  input  at  port  1,  S  Is  tbe  amplitude  of 
the  backward-propagating  output  wave,  z  denotes  length 
along  the  grating,  K  Is  the  cojqplex  coupling  factor. 
Including  the  dephasing  between  the  input  wave  at 
frequency  f  and  the  locally  resonant  frequency  of  the 
grating,  and  K*  is  Its  complex  conjugate. 

For  a  linear  chirp  filter,  the  dephasing  (angle 
of  K)  is  a  linear  function  of  the  input  frequency  and  a 
quadratic  function  of  z.  In  the  weak-coupled  limit,  In 
which  the  Input  wave  amplitude  R  remains  constant  In  z, 
and  for  a  flat  asplitude  weighting  (constant  IK) )  Eq. 
(lb)  may  be  expressed  as  a  Fresnel  integral, 'for  which 
series  expansions  and  tabulations  are  available. M 


Performance  of  Proximity-Tapped  Delay  Lines 

Chirp  filters  have  been  fabricated  on 
5-cm-dlameter,  lZS-ue-thlck  sapphire.  One  particular 
delay  line  pattern  was  designed  to  have  a  dispersion  of 
35  ns  and  a  bandwidth  of  2.6  GHz  centered  on  4.0 
GHz.8  The  design  is  for  a  predicted  tap-pair 
coupling  coefficient  of  10"z,  l.e.,  all  couplers  are 
40  dB  in  strength.  (Such  a  device  with  all  taps  of  the 
same  strength  Is  called  ’linear-weighted*.  The 
increasing  number  of  taps  per  unit  length  as  the 
high-frequency  end  of  the  device  1$  approached  results 
In  an  Insertion  loss  which  decreases  linearly  with 
frequency.) 

Figure  2(a)  shows  the  measured  and  predicted 
amplitude  of  the  down-chirp  pair.  The  predictions  were 
made  with  the  theory  described  previously  and  are  based 
on  the  ptyslcal  design  parameters  of  the  device. 


passband  (2.7  to  S.3  GHz)  Is  very  good,  theory  and 
experiment  being  In  agreement  within  about  2  dB. 
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Figure  2(a)  Predicted  and  measured  amplitude  of  a 
proximity-tapped  superconductive  delay  line; 

(b)  predicted  and  measured  deviation  from  quadratic 
phase  for  this  device. 


up-chirp  phase  was  also  measured  and  gave  a  least- 
squares  value  Implying  a  chirp  slope  of  76.40  MHz/ns, 
which  Is  excellent  agreement  and  Indicates  well-matched 
filters.  The  design  value  Is  74.2  MHz/ns  for  both  up 
and  down  chirp.  This  error  of  less  than  3*  could  be 
caused  by  a  3%  o ve rest 1 mat Ion  of  the  effective 
dielectric  constant  of  the  substrate. 

Silicon  appears  to  be  an.excellent  dielectric 
substrate  for  this  application.1*  Its  most  desirable 
property  Is  Its  dielectric  Isotropy,  which  eliminates 
the  limit  on  time- bandwidth  product  Imposed  by 
anisotropy,  and  the  advantages  offered  by  the  profuse 
technology  behind  this  material  cannot  be  overstated. 

Proximity-tapped  delay  lines  have  been  made  on 
5-cm-dlameter,  125- wit-thick  wafers  of  150  9-cm 
resistivity,  (lll)-cut  n-type  Silicon,  utilizing  the 
same  niobium  technology  described  previously. 

One  design  Is  for  a  Hamming-weighted  chirp  filter 
with  a  2 322- MHz  bandwidth  centered  at  4  GHz,  dispersion 
of  37.5  ns,  and  an  insertion  loss  at  center  frequency 
of  10  dB.'  The  results  of  pulse-coapression  testing 
of  this  device  are  shown  In  Figure  3.  A  10-V,  135-ps 
impulse  Is  applied  to  the  up-chirp  end  of  the  device 
(port  4  in  Figure  1(a)).  The  resulting  expanded  pulse 
(obtained  at  port  3)  Is  amplified,  time-gated,  delayed, 
and  applied  to  the  down-chirp  end  of  the  filter  (port 
1).  The  matched  filter  response  (obtained  at  port  2) 
Is  shown  In  Figure  3.  This  compressed  pulse  exhibits 
25-dB  relative  side-lobe  levels  and  a  central  lobe 
full-width  of  2.2  ns.  This  width  is  somewhat  wider 
than  the  1.3  ns  of  a  Hamming-weighted  pulse  of  this 
bandwidth  because  the  signal  was  weighted  upon  both 
expansion  and  compression.  The  theoretically  predicted 
side-lobe  level  of  41  dB  Is  not  achieved  because  of 
substrate  thickness  and  linewldth  variations  which 
produce  spurious  reflections  and  deviations  of  coupling 
from  design  values. 
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The  measured  phase  spans  a  range  of  more  than 
25000  degrees  across  the  passband  and  Is  essentially  a 
quadratic  function,  as  expected.  The  measured  and 
theoretical  deviations  from  a  best-fit  quadratic  are 
plotted  In  Figure  2(b).  The  difference  between 
measured  and  predicted  response  Is  dominated  by 
distortions  which  probably  result  from  spurious 
reflections.  The  rms  value  of  the  deviation  of  the 
measured  response  from  quadratic  phase  Is  12.0°.  The 
theoretical  deviation  from  quadratic  phase  Is  dominated 
by  the  Fresnel  ripple  resulting  from  the  asymmetry  of 
the  Integral  near  the  band  edges. 

The  least-squares-flt  quadratic  coefficient  of 
phase  for  the  measured  data  Is  2.361x10*'*  deg/Mhz*, 
which  Impltes  a  chirp  slope  of  76.24  MHz/ns.  The 


Figure  3  Measured  compressed  pulse  response  of  a 
Hamming-weighted  nloblum-on-slllcon  proximity- 
tapped  del qy  line. 


Phase  Coaoensatlon  for  Low-Insertion-Loss  Filters 
Error  In  Uncompensated  Filters 

Tapped-delay-llne  filters  are  most  straight¬ 
forwardly  designed  In  the  weakly  tapped  limit.  In  this 
limit,  which  Is  valid  for  insertion  losses  of  10  dB  and 
higher,  the  Input  signal  propagates  essentially 
undepleted  and,  as  a  corollary,  multlplt  Internal 
reflections  are  negligible.  It  1$  not  worthy 


T  - 


that  It  1$  not  tha  weight  of  the  Individual  taps,  but 
the  product  of  weight  and  number  of  taps  contributing 
at  a  given  frequency,  which  determines  the  validity  of 
the  weakly  tapped  assumptions.  In  this  limit  there  is 
a  direct  mapping  of  Individual  tap  weights  and 
positions  along  the  line  to  the  amplitude  and 
time-dependence  of  the  Impulse  response.  In  the  case 
of  a  linear-chirp  filter,  the  tap  spatial  periodicity 
is  a  linear  function  of  distance  along  the  line  or, 
equivalently,  the  tap  position  Is  a  quadratic  function 
of  tap  number.  In  the  frequency  domain,  the  line  has  a 
local  resonant  frequency  which  is  a  linear  function  of 
position  and,  consequently,  a  linear 
group-delay-vs. -frequency  characteristic. 

For  more  tightly  coupled  lines  (£10  dB  insertion 
loss),  distortions  In  both  amplitude  and  phase  occur. 
The  amplitude  of  the  response  at  a  given  frequency  is 
no  longer  proportional  to  the  product  of  the  tap  weight 
and  the  number  of  taps  resonant  at  that  frequency  but 
to  the  hyperbolic  tangent  of  this  product.  This 
saturation  effect  can  be  compensated  analytically16 
and  has  in  fact  been  Incorporated  into  the  device 
analysis  and  synthesis  procedures  used  to  design  the 
filter  of  Figure  3.  Phase  errors  are  more  difficult  to 
handle  and  cannot  be  treated  analytically  In  closed 
form  for  a  chirp  filter.  Meurlstlcally ,  the  effect  of 
tight  coupling  Is  to  deplete  the  Input  wave  and  thereby 
shift  the  effective  center  of  reflection  from  the  exact 
point  of  synchronism  toward  the  Input,  thereby  reducing 
the  group  delay  by  an  amount  dependent  on  the  local  tap 
strength. 

In  Figure  4  is  shown  the  phase  error  (deviation 
from  linear)  of  a  pulse-compression  system  consisting 
of  cascaded  up-  and  down-chirp  filters,  each  with 
37.5-ns  dispersion  and  2.3-GHz  bamfcldth  (the  same  as 
the  filter  of  Figure  3)  and  a  3-<B  Insertion  loss  at 
center  frequency.  Each  filter  Is  weighted  with  the 
square  root  of  the  Hamming  fqnctlon  so  that  the  system 
response  Is  Hamming  weighted. 5 


Figure  4  Calculated  phase  error  of  a  matched  pair  of 
chirp  filters  with  3-<8  Insertion  loss,  37.5-ns 
dispersion,  2.3-6Hz  bandwidth,  Hamming  weighting,  and 
no  phase  compensation. 


The  phase  error  of  Figure  4  was  calculated  using  a 
method  somewhat  different  from  the  coupllng-of-modes 
solution  used  to  obtain  the  curves  of  Figure  2. 
In  anticipation  of  the  need  to  analyte  the  nonlinearly 
chirped  phase-compensated ,  gratings,  an  Integral 
*■*  which.  Is  In  many  ways 

similar  to  the  approximation*®  and  Is  much  more 


efficient  numerically  than  the  coupllng-of-modes 
solution. 

The  phase  error  for  the  filter  pair  of  Figure  4  is 
clearly  significant,  having  a  slow  variation  of  *10° 
across  the  central  two-thirds  of  the  band.  The 
detrimental  effects  of  this  error  are  evident  In  Figure 
5,  which  displays  the  calculated  compressed  pulse 
envelope  of  the  filter  pair,  A  trailing  side  lobe  of 
21  dB  relative  magnitude  Is  evident.  An  Ideal 
Hamming-weighted  system  would  yield  a  peak  side-lobe 
level  of  42.8  dB. 


Figure  5  Calculated  compressed  pulse  response  envelope 
of  the  filter  pair  of  Figure  4. 

Predistortion  Algorithm 

In  order  to  compensate  for  the  phase  errors  caused 
by  tight  coupling,  a  technique  has  been  developed 
whereby  the  tap  positions  are  adjusted  (l.e.,  the 
design  is  *predistorteda)  In  a  manner  based  on  the 
calculated  phase  error  (e.g.  Figure  4)  of  the 
undistorted  device.  The  predistorted  filter  Is  then 
analyzed  using  the  Integral  (WKBJ)  formulation  to 
verify  the  efficacy  of  the  adjustment. 

The  phase  error  of  a  single  uncompensated  device, 
<fe(f).  Is  first  calculated.  This  Is  converted  to  a 
group  delay  error  by  the  familiar  relation 

1  da(f) 

Te<f>  *  n  -17—  (2) 


where  Is  expressed  in  radians. 

The  tap  spacing  Is  uniquely  described  by  the 
grating  frequency  function  fQ(z)  which,  for  an 
uncompensated  linear-chirp  filter.  Is 

z  ’  7 

fgU)  -  fc  ♦  8  (3) 


where  fc  Is  the  center  frequency  of  the  device,  B  Is 
the  bandwidth,  z  Is  the  position  along  the  line 
measured  from  the  Input,  and  L  Is  the  line  length.  Me 
wish  to  perturb  this  In  such  a  way  that  the  group  delay 
Is  predistorted  by  an  amount  equal  and  opposite  to 
%  (f).  Invoking  the  space-frequency  relationship  of 
the  chirp  filter,  we  achieve  this  to  first  order  by 
setting 


y*>  -  * 
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where  T  )s  the  device  dispersion.  Of  course.  T 
*2l/vp  where  vp  Is  the  phase  velocity. 

The  phase  error  4^(f)  is  obtained  by  calculation 
at  a  number  of  discrete  frequency  points.  For  use  in 
the  predistortion  algorithm,  Eq.  (4),  It  Is  convenient 
to  have  an  analytic  form.  One  useful  form  Is  tft? 
Fourier  sine  series 

k  f-  fc 

*Jf)  *  I  *.  sin  2wi(— * - )  (5) 

n»l  n 

This  series  does  not  Include  the  even  (In  frequency 
around  f,)  components  of  the  phase  error  but,  as  Is 
evident  In  Figure  4,  the  even  errors  of  the  up-  and 
down-chirp  filters  cancel. 

Phase  Error  In  Compensated  Filters 

The  predistortion  algorithm  (Ea.  (4))  was  applied 
to  the  devices  of  Figure  (4)  and  (5),  using  the  series 
(Eq.  (5))  with  8  terms  to  approximate  the  phase  error. 
The  compensated  devices  were  then  analyzed;  the 
resulting  system  phase  error  Is  shown  in  Figure  6. 
This  clearly  demonstrates  an  order-of-magnitude 
improvement  over  the  uncompensated  device. 

The  compressed  pulse  response  of  the  compensated 
system  Is  shown  in  Figure  7.  The  relative  side-lobe 
level  Is  41  dB,  within  2  <fi  of  the  ideal. 


Figure  6  Calculated  phase  error  of  the  matched  pair  of 
chirp  filters  of  Figure  4  after  phase  compensation. 


Application 

The  compensated  grating  function  (Eq.  (4))  cm  bi 
readily  Implemented  In  the  pattern-generating  routine 
used  to  fabricate  proximity-tapped  and  reflectively 
tapped  delay  lines.  The  logical  candidate  for  strong 
tapping  and  compensation  1$  the  RTDt,  because  of  Its; 
high  tap-weight- Independent  spurious  reflection  levels. 

It  should  be  noted  that  a  compensated  filter 
cannot  be  used  as  both  up-  and  down-chirp  filters,  as 
can  an  uncompensated  filter.  The  compensated  device  Is 
not  its  own  matched  filter;  two  separate  devices  are 
needed. 

An  uncompensated  RTDL  with  64-ns  dispersion, 
3.6-GHz  bandwidth,  and  3-dB  Insertion  loss  has  been 
fabricated  and  tested.  However,  spurious  reflection 
levels  are  still  too  high  to  discern  the  predicted: 
21-d8  side  lobe.  Improvement  of  substrate  uniformity! 
and  device  packaging  is  necessary  to  benefit  from  phase 
compensation  of  this  class  of  devices. 

The  predistortion  algorithm  Is  directly  applicable 
to  normal-incidence  acoustic  and  optical  grating 
filters  and  could  be  adapted  to  oblique- Incidence 
filters. 
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ABSTRACT 

*--3}  Use  of  high  overtone  bulk  acoustic  resonators  (HBAR)  has  made  pos¬ 
sible  development  of  low  phase  noise  multiple  frequency  microwave 
sources  operating  directly  at  microwave  frequencies.  Most  recently  a 
low  noise  source  has  been  developed  at  L-band  which  provides  signals 
at  approximately  5-MHz  intervals  and  achieves  phase  noise  suppres¬ 
sion  equivalent  to  sources  based  on  low  frequency  quartz  crystal  stabi¬ 
lization  and  multiplication.  The  direct  microwave  HBAR  multiple  fre- . 
qucncy  source  requires  a  fraction  of  the  hardware  required  to  achieve 
the  same  phase  noise  suppression  for  multiple  microwave  frequency 
operation  by  any  other  means.  ^ 

Stabilization  is  based  on  exploiting  the  high  overtone  resonance  of 
crystals  such  as  YAC,  sapphire,  lithium  niobate  or  lithium  tantaiate 
for  which  intrinsic  loss  indicates  a  potential  Q  approximately  ten  times 
that  of  quartz.  Resonators  of  this  type  have  been  fabricated  as  high  as 
10  GHz.  For  the  1.5-GHz  band  compression*)  mode,  loaded  QY  of 
over  $0,000  have  been  achieved  in  several  samples.  The  resonators 
consist  of  deposited  film  transducers  on  the  resonator  crystal.  Single 
reverberation  is  confined  to  the  region  under  the  transducer.  The  crys¬ 
tal  is  mounted  rigidly  to  its  housing  which  minimizes  effects  of  exter¬ 
nal  vibration  on  frequency  stability.  Measured  vibration  sensitivity  is 
described  in  a  companion  paper. 

The  source  consists  of  a  low  noise  voltage  controlled  oscillator  (VOO) 
stabilized  in  an  automatic  frequency  control  (AFC)  loop.  The  HBAR 
is  the  frequency  determining  element  in  the  AFC  discriminator.  Mea¬ 
sured  phase  noise  agrees  well  with  predicted  performance.  Details  of 
noise  performance  will  be  provided  in  the  paper.  Multiple  frequency 
operation  can  easily  be  obtained  with  the  addition  of  digital  control 
circuits  to  preposition  the  VCO  on  any  of  the  HBARY  responses. 
Thus,  a  low  phase  noise  elect roiricany  controlled  multiple  frequency 
source  is  obtained  with  minimal  hardware. 

INTRODUCTION 

The  high  overtone  bulk  acoustic  resonator  (HBAR)  provides  the  basis 
for  low  noise  osdBators  stabilized  directly  at  microwave  frequencies. 
The  HBARY  high  Q,  closely  spaced,  periodic  resonances  provide  ite- 
MMzation  for  maMple  frequency  osdBators.  The  phase  noise  per 
romance  is  equivalent  to  sources  phase  locked  to  low  frequency  crys¬ 
tal  standards,  bat  requires  only  a  fraction  of  the  hardware. 

The  HBAR  has  been  described  in  previous  papers  by  Moore,  etalIJ  so 
that  a  dascripdon  o i  its  operation  wifl  be  Masked  to  briefly  reviewing 
Its  doariaaat  aeodr  stractare  as  sbowa  hi  figure  1.  The  HBAR  aright 
bt  coaaidsrsd  as  an  acoustic  analog  of  ths  optical  Fabray-Perot  tattr- 
tomnsur.  GsoaNtricaRy  k  la  more  Bka  peasant  day  microwave  delay 

*  tappowsd  la  part  by  eaanast  FlPMt  12  C  am,  RAPC/BIP,  llaasssm 
ARB,  Mass,  M7II 


Figure  1.  Geometry  of  HBAR  Showing  Substrate  and 
ireasdacer  DetaB 

tines  than  other  acoustic  resonators.  A  transmission  resonator  is  illus¬ 
trated  in  figure  I  which  is  the  form  we  have  found  most  useful.  The 
main  feature  of  the  geometry,  the  separate  transducer  coupling  to  the 
resonator  body,  provides  the  following  key  operational  advantages: 

•  Coupling  to  high  order  overtones 

•  Availability  of  higher  Q  nonpiezoelectric  substrates 

•  Confinement  of  agoustic  activity  allowing  rigid  mounting  and 
lower  sensitivity  to  vibration. 

The  coupling  to  high  order  overtones  allows  useful  resonator  coupling 
directly  at  microwave  frequencies  and  provides  a  large  number  of 

equally  spaced  overtones  in  the  operating  band.  We  are  using  overtone 
levels  of  several  hundred  (as  opposed  to  up  to  the  fifth  or  seventh  with 
traditional  quartz  resonators)  which,  for  the  resonator  described  in 
this  paper  provides  an  overtone  spacing  of  approximately  $  MHz. 
Even  closer  overtone  spacing  could  he  provided  but  would  limit  show 
able  bandwidth  for  the  oscillator  feedback  circuit  and  Halt  noise  per¬ 
formance.  The  rigid  mounting  of  the  resonator  has  led  to  almost  two 
orders  of  magnitude  suppression  in  vibration  sensitivity  which  is  de¬ 
scribed  in  a  paper  la  this  conference  by  Rossman  and  Haynes.’ 


The  relationship  of  Qof  the  HRAR  tn  other  rssonman  Is  Maatroitid  la 
Apart  2  in  tanas  of  FQ  prodnet  as  «  fOactioa  of  frsqnancy.  Bar. ease 
QY  of  most  reaonmon  (Ml  off  as  reciprocal  BaqaancR  FQ  prodnet 
tsrvm  as  a  good  Am  ordsr  basis  of  comparison.  The  rioptag  Baas  on 
fi^rc  2  are  of  constant  FQ  prodnet.  Quartz  is  iharatosrlasd  most 
closely  by  FQ  -  If  till  inaiplii  hi  Hi  mil  iHffiiHt  n  1T1I1  si  si 
for  Irsqasnclm  ap  to  gprmikamHy  IQP  MHz.  By  oantnat  Mbova  l 
OHz  ths  HBAR  QY  aaHovnd  are  waB  abase  tha  FQ-M»  Baa  nddt 
examples  of  ahnost  9  (Mp*  at  L-band  and  $  (!«*»»*  X-bomd.  la  Chls 
popar  m  an  repaniag  on  Mm  rmanmar  wBh  QY  n«dr  SMW  to  •* 
1.5-  to  2-GHz  (reqnancy  band. 
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Figure  2.  FQ  Product  Chari  Showing  Relative  Q't  of  Recently 
Fabricated  HBAR's  To  Both  Cry  Mai  Resonators  a  ad 
Dielectric  Resonators 


Figare  4.  Insertion  Low  aod  Q  n  A  pert  are  for  <I,M>  YAG 


The  advantageous  use  of  higher  Q  media  is  best  illustrated  in  figure  3 
which  illustrates  the  available  Q't  of  materials  for  the  frequency  range 
1  to  10  GHz.  It  should  be  noted  that  there  are  several  materials  with 
QY  approximately  an  order  of  magnitude  greater  than  quartz  (SiOj). 
NOt  only  does  the  separate  transduction  allow  nonpiezoelectric  sub¬ 
strates,  it  also  allows  the  use  of  a  nonpiezoelectric  crystalline  orienta¬ 
tion  of  piezoelectric  materials.  Greatest  success  in  the  present  program 
has  been  with  cube  edge  and  diagonal  cut  YAG. 


Figure  3.  Available  Q  of  Typical  Materials 


THE  RESONATOR 

The  most  recent  results  and  highest  QY  being  reported  on  this  paper 
were  the  result  of  designs  using  a  transmission  line  type  model  of  the 
resonator.  The  model,  based  on  the  Mason  Transducer  equivalent  cir¬ 
cuit,  takes  into  account  film  thicknesses,  acoustic  impedances,  layer 
propagation  attenuation,  and  aperture  size.  This  model  does  not  in¬ 
clude  effects  of  the  diffraction  of  the  acoustic  wave  and  therefore 
predicts  two  values  of  the  aperture  which  give  the  same  values  of  in¬ 
sertion  loss  and  Q.  each  at  a  different  frequency.  This  is  basically  a 
statement  that  the  resonator  can  be  uncoupled  both  by  making  the 
aperture  too  large  or  too  small.  This  symmetry  is  broken  in  the  actual 
device  by  diffraction. 

lb  investigate  this  effect,  resonators  are  identical  except  for  aperture 
rim  whate  fabricated  on  the  same  substrate.  The  transducers  for  these 
experiments  were  simple  circular  spots  having  apertures  of  2.0  x  10  * 
ar  to  2.0  x  IQ’a^ia  14  logarithmic  steps.  Experimental  resonators 
on  (1A0)  TAG  and  (1,1,1)  YAG  have  barn  fabricated  and  tasted. 
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however,  tha  insertion  lost  is  also  increasing.  By  the  time  the  spartan 
has  reached  3.S5  x  10" 7  m2  the  Insertion  iom  it  so  iargt  that  reso- 
aanes  peaks  an  not  observable.  The  insertion  torn  vs  apart  ate  rim 
curve,  shown  as  figure  4  for  (1 A0)  YAG  and  figure  3  for  (1.1. 1)  YAG, 
tshMu  a  minimum  mar  3.33  x  IQ~'  for  the  sat  of  flm  thichaamw 


Figure  S.  Insertion  Lem  and  Q  vs  Apert  are  for  <1,1,1)  YAG 


Additionally  comparing  figures  4  and  3,  the  experiment  indicates  that 
(1,1,1)  YAG  may  be  a  better  substrate  material  than  (1,0,0)  YAG.  The 
resonators  fabricated  on  (1,1,1)  YAG  exhibit  lower  insertion  toss  for 
the  same  Q  as  the  ( 1 ,0,0)  YAG.  This  is  surprising  in  that  (1,0,0)  YAG  is 
the  lower  loss  material.  It  is  theorized  that  the  anisotropy  of  the 
(1,1,1)  direction  is  aiding  the  resonance. 

Based  on  the  experiment,  we  have  selected  for  the  resonator  design  a 
circular  spot  transducer  with  an  aperture  of  6.3  x  10  *  m2  which 
provides  the  best  tradeoff  between  lowest  insertion  loss  and  highest  Q. 
The  piezoelectric  layer  is  zinc  oxide  4J00A  thick.  The  bottom  contact 
is  chrome-gold  1200 A  thick  and  the  top  contact  is  chrome-aluminum 
1800 A  thick. 

The  substrates  are  prepared  from  a  boule  of  laser  quality  YAG.  After 
X-ray  alignment,  the  boule  is  sliced  into  substrates  of  thickness  appro¬ 
priate  for  the  required  peak  frequency  spacing.  The  faces  are  polished 
using  a  technique  believed  to  be  unique  in  the  industry.  The  process 
provides  exceptional  results  for  hard,  lower  loss,  media  for  use  at 
higher  microwave  frequencies. 

The  transducers  are  fabricated  using  standard  integrated  circuit  pho¬ 
tolithography.  The  bottom  contact  of  the  active  transducer  apertare  is 
prepared  by  the  flash  evaporation  of  chromium-gold.  The  chromium 
atflitrioa  layer  of  J0A  to  IOOA  is  evaporated  first  with  a  short  Interval 
of  coevaporation  with  the  gold.  This  procedure  it  known  to  produce 
ordered  gold  films. 

The  zinc  oxide  is  deposited  tiring  an  RF  diode  sputtering  system.  Sput¬ 
tering  it  from  a  zinc  oxide  target  in  a  25%  0>  to  73%  At  atmotphrte. 
The  thickness  is  monitored  using  an  iaterferonunetric  laser  monttor. 
The  top  electrode  is  demited  miag  a  rejection  procem.  After  coming 
the  subetrate  with  resist  and  developing  the  pattern,  a  chromium- 
atamhmm  layer  it  evaporated  on  the  turfaoe.  280A  of  throarimn  Is 
used  and  tbs  thickness  of  the  ahuniitum  is  determined  by  the  mat- 


ducer  design.  Using  acetone  and  an  ultrasonic  cleaner  the  unwanted 
chromium -aluminum  is  removed. 

The  high-overtone  bulk  acoustic  resonator  chip  is  shown  at  the  top  of 
the  exploded  view  of  the  mounting  scheme  in  figure  6.  After  pretesting 
to  ensure  the  required  Q  and  insertion  loss,  the  resonator  substrate  is 
cut  to  0.125  inch  by  0.200  inch.  The  YAG  substrates  are  about  0.034- 
inch  thick.  The  ground  planes  of  the  top  and  bottom  transducers  ex¬ 
tend  to  the  outer  edges  of  the  substrate  as  shown  in  the  figure.  The 
transducer  top  contact  of  aluminum  is  connected  to  the  package  ter¬ 
minals  by  epoxy  reinforced  gold  wire  ball  bonds.  The  substrate  is 
bonded  to  a  supporting  metal  preform  using  conductive  epoxy  which 
in  turn  is  expoxkd  to  the  grounding  base  of  the  resonator  package. 
The  top  ground  plane  of  the  substrate  is  grounded  by  wraparound 
tabs  shown  in  position  in  the  figure.  The  gold  wire  contact  leads  are 
epoxied  to  the  microstrip  line  terminals  of  the  package.  The  preform 
epoxy  mounting  provides  a  robust  support  for  the  resonator  body. 


Figure  6.  High  Q  Bulk  Mode  Resonator 


oscillator  (VCO)  is  applied  to  the  discriminator.  At  the  discriminator 
output  —  mixer  output  —  an  error  voltage  appears  that  is  propor¬ 
tional  to  the  frequency  error  between  the  VCO  and  the  particular  se¬ 
lected  HBAR  resonance.  This  voltage  is  that  fed  back  to  the  VCO 
through  a  loop  video  amplifier.  To  take  full  advantage  of  the  resona¬ 
tor’s  filtering  properties  the  output  is  take  after  the  resonator. 
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Figure  8.  Simplified  Diagram  of  AFC  StabBixed  Source 

Multiple  frequency  operation  is  achieved  relatively  simply  with  the 
addition  of  hardware  to  allow  the  loop  to  lock  on  any  of  the  HBARY 
responses  within  the  VCO’s  tuning  band.  This  implementation  is 
shown  in  figure  9.  The  principle  addition  is  a  digital  controller  which 
accepts  a  user  input  and  addresses  a  digital-to-analog  converter  to 
preposition  the  VCO  on  the  proper  HBAR  response.  I  and  Q  mixers 
provide  amplitude  and  phase  data  to  the  controller  so  that  it  may 
adjust  the  phase  shifter  for  quadrature  signals  at  the  mixers  at  each- 
frequency.  Once  positioned  the  loop  locks  through  the  loop  video  am¬ 
plifier  as  previously  described. 


A  typical  measure  resonator  response  is  shown  in  figure  7.  To  date  the 
best  resonators  exhibit  Q  of  greater  than  50,000  with  insertion  losses 
of  less  than  10  dB.  Some  resonators  with  higher  Q’s,  near  65,000,  have 
been  demonstrated  by  the  increased  insertion  loss. 
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Figure  7.  Typical  High  Overtone  Bulk  Acoustic 


SOURCE  STABILIZATION 

To  fully  exploit  the  HBAR's  unique  characteristics,  an  automatic  fre¬ 
quency  control  (AFC)  loop  technique  is  used  as  shown  in  figure  8.  The 
resonator  is  used  as  the  frequency  determining  element  of  the  fre¬ 
quency  discriminator.  The  output  of  a  low  noise  voltage  controlled 


Figure  9.  Diagram  of  Multiple  Frequency  Source 

PHASE  NOISE  PERFORMANCE 

Short  terra  stability  is  limited  by  resonator  Q,  video  amplifier  noise, 
and  VCO  AM  noise  at  modulation  rates  below  a  few  kilohertz.  Above 
this,  phase  noise  is  a  function  of  VCO  phase  noise  as  modified  by  loop 
gains  and  resonator  filtering. 

Quantitatively  the  video  amplifier  contribution  is: 
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■  Single  sideband  phase  noise  (1/Hz) 

Output  frequency 

Video  amplifier  noise  voltage  floor  (V*Hz) 
Resonator  Q 

Mixer  phase  sensitivity  (V/Rad) 

Video  amplifier  l/f  note  break  frequency 
Modulation  frequency 


AM  Mia*  os  the  VCO  Nd  to  power  ampMflcr  it  converted  to  phase 
noise  by  the  miser  LO  part  acting  w  as  inefficient  AM  detector.  The 
contributes  to~phaae  note  Ik 

ut),  r&rjm 

2Q*f* 

Where:  1  =  Fractional  mixer  video  vohage  change  per  fractional 

LO  power  change 

M(fo)  «  l/f  AM  noise  spectral  density  at  frequency  f0  (I/Hz) 

Above  a  few  kilohertz  phase  muse  performance  is  determined  by  first 
calculating  the  suppression  of  VCO  open  loop  phase  noise  by  the  AFC 
loop.  Noise  is  then  filtered  further  by  taking  the  output  after  the  reso¬ 
nator.  This  effect  along  with  the  above  mentioned  contributions  are 
displayed  in  figure  10.  Parameters  associated  with  the  L-band  source 
under  development  were  used. 
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Figure  11. 


Figure  14.  Predicted  L-Buud  Noise  Performance 

Thus  far  a  single  frequency  source  at  L-band  has  been  fabricated  and 
tested.  Measured  performance  not  only  agrees  reasonably  well  with 
predicted  performance  but  compares  favorably  with  typical  L-band 
radar  requirements.  Figure  1 1  shows  measured  and  predicted  phase 
noise  along  with  a  typical  requirement.  The  test  set  floor  is  included 
for  analysis. 
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in  the  104  Hz  to  I  kHz  region  oae  should  uutc  that  ahtep^i  Itom*  is 
an  approximate  6-dB  discrepancy  the  ptudktid  and  mumuusdeuswas 
are  both  proportioMl  to  l/f*.  In  this  region  VCO  AM  noise  onus* 
sion  to  phase  note  dominates  and  is  proportional  to  t/f*.  VOO  AM 
noise  generally  is  difficult  to  mmaotr  and  the  predictkm  is  bused  on  a 
typical  value  which  might  reasonably  be  worse  by  4  d>.  fas  that  kHz 
to  4  kHz  region  the  measurement  was  tew  sst  limited  as  it  was  above 
SO  kHz.  The  measured  data  does  begin  to  follow  the  filter  response  of 
the  resonator  above  20  kHz.  The  test  set  floor  is  a  measurement  of 
two  identical  oscillator!  in  the  test  set.  Measurements  3  dB  below  this 
floor,  in  the  region  above  100  kHz,  indicate  that  the  HBAR  stabilized 
source  is  at  least  10  dB  below  the  noise  level  of  a  single  test  set  oscilla¬ 
tor.  it  should  be  noted  that  in  order  to  use  an  existing  noise  test  set,  the 
frequency  of  the  HBAR  source  was  doubled. 


CONCLUSIONS 

A  source  making  use  of  the  high  overtone  bulk  acoustic  resonator  has 
been  described.  Resonators  achieving  Qt  over  30,000  at  1 .3  to  2  GHz, 
greater  Q  than  by  any  other  means  at  those  frequencies,  were  de¬ 
scribed.  A  source  with  noise  performance  equivalent  to  those  for 
which  the  frequency  is  multiplied  from  low  frequency  crystal  refer¬ 
ence  oscillators  is  reported.  Much  lower  hardware  levels  are  required. 
With  improvements  in  HBAR  technology,  even  superior  performance 
may  be  possible. 
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A  Synchronous  Oscillator  (SO)  is  s  coherent  syn¬ 
chronisation  and  tracking  network  in  which  an  external 
signal  forces  the  oscillator  to  be  synchronised  in 
frequency  with  a  final  phase  difference  detent  in ed  by 
the  initial  frequency  difference  between  the  oscilla¬ 
tor  natural  frequency  and  the  external  frequency.  A 
SO  acquires,  cracks,  filters,  divides  and  lap roves  the 
signal -to-uoise  ratio  of  the  input  signal  in  a  single 
process.  Most  of  the  analyses  in  the  literature » 
since  the  original  work  by  Van  der  Pol,  are  based  upon 
forced  oscillation  (FO)  principle.  In  this  opsratlon 
the  oscillator  ceases  to  oscillate  ae  soon  as  the  ex¬ 
ternal  signal  is  applied  to  it .1-4Uovever,  in  the  SO, 
the  oscillations  continue  to  exist  after  the  applica¬ 
tion  of  the  external  signal,  A  SO  hss  a  very  high 
skirt  selectivity,  approaching  those  of  crystal  fil¬ 
ters  (>60dB/0CT)  and  a  linear  phase  within  its  track¬ 
ing  band .  ^VHtsor-  a  SO  can  be  synchronized  by  an  input 
slgnal-to-5toise  as  low  as  -lOdB,  cowperad  to  +5dB  and 
higher  in  phase— lock  loops.  A  SO  constitutes  e  novel 
network,  not  realisable  by  other  weans,  at  least  in  the 
sene  simplicity  end  quality.  It  is  also  a  new  dess 
Van  der  Pol  oscillator.  It  is  a  nonlinear,  oscillatory 
network  which  is  used  in  linear  signal  processing, 
ntch  as  filtering,  synchronisation,  crocking  and  im¬ 
proving  the  slgnal-to-noise  ratio.  90  has  also  a  self- 
adjusting  feature  to  maintain  constant  output  signsl- 
to -noise  ratio  even  if  Input  aignal-to-ooise  ratio 
deteriorates. 


Synchronization  and  improvements  la  synchronisa¬ 
tion  techniques  have  mode  it  possible  to  advance  the 
state  of  the  art  of  communications  systems  and  to  pro¬ 
duce  officiant  digital  coherent  communications  net¬ 
works. 

The  concept  of  synchronisation  goes  back  to  the 
17th  century,  whan  Huygens  reported  that  two  docks 
slightly  out  of  step  with  each  other  became  synchron¬ 
ised  shea  hung  on  a  thin  wooden  board . 

The  ability  to  prod  let  the  occurrence  of  certain 
events  offers  biological  or  gaol  as  t  aduastagee  for  sur¬ 
vival.  It  la  not  surprising  that  a  dock  sums  to 
exlot  la  aPoac  as p  organism,  rang  lag  from  humans  sad 
other  aaanals  to  1—ents  aad  pleats.  There  Is  also 
evidemse  that  a  given  orgaaian  mag  coat  ala  more  thaa 
oaa  independent  cloth,  ooch  clock  oont rolling  a  dtffar- 
aac  f—attee,  sapeeialiy  lx  Haanai  mai  Other  highly 
evolved  a— la.  totem* a  Msurnacaa,  and  high  or  low 
tides  aaaaaf  the  gravity  of  the  aooa  aad  the  awn 
earn  alao  M  attrfl atsl  to  eyacbrwaliaHon. 


la  alaetroalce,  wham  m  eatarxal  i 
properly  applied  to  tbo  boos  of  a  troa 
ting  w»P*  frtfr—uj  |  ,  hoatouf  two 
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Siace  the  publication  of  the  fleet  paper  on  syn¬ 
chronization,  or  frequency  of  entrains— it,  by  Vaa  der 

Pol  in  the  late  1920's,2  many  articles  have  Appeared 
that  analyze  the  properties  aad  behavior  of  Van  der 

Pol,  or  injection  oscillators.  In  spite  of  the 
large  nunber  of  published  articles,  there  is  a  lack  of 
reporting  on  applications  aad  practical  circuits. 

There  has  been  not  serious  attempts  la  their  uae  as  In¬ 
adequate  solutions  of  nonlinear  differential  equations 
did  not  reveal  the  red  capabilities  of  Van  der  Pol 
oscillators  under  various  operating  conditions. .  When 
the  input  energy,  the  efficiency  Slid  the  gain  of  the 
Van  der  Pol  oscillator  ere  changed  an  entirely  differ¬ 
ent  synchronisation  and  tracking  network  results.  A 
highly  nonlinear  and  unstable  network  is  used  In  a 

linear  signal  processing. sOs  are  novel  networks. 

An  SO  can  be  considered  a  coherent  acquisition  and 
tracking  network,  in  which  the  external  signal  forces 
the  SO  to  be  synchronised  with  the  external  signal  in 
frequency  and  to  have:  a  final  phase  difference  that  la 
determined  by  the  initial  difference  between  the  so 
natural  frequency  end  the  external  control  frequency. 

It  is  well  known  from  the  theory  of  oscillations  chat 
there  la  a  negative  incremental  resistance  at  the  feed¬ 
back  point  of  the  oscillator  amplifier,  and  tills  nega¬ 
tive  incremental  resistance  cancels  all  the  AC  losses 
in  the  circuit.  The  effect  of  the  external  signal  is 
to  increase  or  decrease  the  incremental  negative  re¬ 
sistance,  thereby  to  serve  ee  an  energy  source  to  the 
free-running  oscillator,  end  consequently  to  establish 
s  new  steady-state  synchroniser ion  condition,  hi  an 
FO  the  Incremental  negative  resistance  is  cancelled  end 
the  oscillations  caass  to  exist,  to  e  90  the  oscilla¬ 
tor  becomes  an  — plifler,  whereas  in  an  90  the  oscilla¬ 
tions  continue  to  exist  after  the  application  of  the 
input  synchronisation  signal.  This  feature  constitutes 
the  important  difference  between  the  FO  and  90.  There¬ 
fore,  in  a  SO  the  non  linearities  are  preserved. 


Phase  stability  is  always  associated  with  — pli- 
tode  instability.  The  differ— ee  between  the  linear 
and  nonlinear  caaaa  Is  that  the  instability  la  pan— i- 
ant  la  the  linear  ease,  whereas  to  the  nonlinear  case, 
the  instability  decreases  with  the  increasing  sagit¬ 
tate  Ate  vanish—  for  a  fixed  veins  of  amplitude,  at 
white  tea  oscillation  becomes  stationary. 

to  teqmrrerir  festers  to  ten  Operation  of  an  90  is 
the  etMaag-ttegi  am  a  functioa  iftopwt  pater  and 
the  earned atad  phase  differ— at  bitmap  the  input  con¬ 
trol  fraqoaacy  ate'  ten  catgut  froq—mey.  fhte  tea-  In¬ 
ter  ar  eomcral  signal  level  drape,  tehbpdwMto  of  tee 


trol  frequency  pi'  tea  a 
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An  SO  is  not  only  s  synchronous  tracking  network 
but  is  elso  a  linear-phase  bandpass  filter,  with  the 
bandwidth  determined  by  the  input  driving  signal,  as 
well  as  by  other  factors.  An  SO  is  also  a  frequency- 
dividing  network.  In  a  carrier  recovery  network 
(CRM),  the  SO  can  perform  all  three  of  these  func¬ 
tions  simultaneously  and  improve  the  S/N  by  30dB,  as 
well. 

Another  important  feature  of  an  SO  is  its  capa¬ 
bility  for  storing  input  frequency  information  for 
several  cycles  of  the  input  signal  when  this  is 
turned  off.  This  storage  capability  is  especially 
useful  in  clock  recovery  networks  (CLRNs),  in  which 
the  input  data  consist  of.  continuous  ones  or  zeros 
for  extended  time  durations  wherein  no  synchroniza¬ 
tion  signal  is  provided.  The  SO  continues  to  oscil¬ 
late  at  the  frequency  of  the  external  signal  until  the 
time  constants  of  the  circuit  take  over.  The  operat¬ 
ing  frequency  of  SO  is  limited  only  by  the  character- 
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istlcs  of  the  circuit  elements.  * 

The  performance  of  an  SO  is  much  more  rewarding 
and  sophisticated  than  a  Phase-Lock  Loop  (PLL) .  A 
SO  is  a  multifunctional  network.  For  example  in  a 
QPSK  modem  for  carrier  recovery  a  SO  replaces  a  sec¬ 
ond  order  phase-lock  loop  and  two  frequency  lock 
loops.  A  PLL  consists  mainly  of  a  phase  detector, 
a  low-pass  filter,  an  operational  amplifier,  and  a 
voltage-controlled  crystal  oscillator  (VCXO) .  The 
tracking  is  performed  with  a  DC  signal,  and  frequency 
Information  of  the  input  signal  is  interrupted.  The 
nonlinearities  associated  with  the  PLL  elements  re¬ 
duce  the  accuracy  of  the  system.  Also,  the  low-pass 
filter,  the  amplifier,  and  the  VCXO  are  frequency 
limited,  and  a  PLL  has  a  poor  acquisition  speed.  In 
an  SO,  the  synchronization  occurs  directly  without 
conversion  to  a  DC  or  a  low-frequency  signal.  The 
frequency  information  between  the  input  control  signal 
and  the  output  frequency  is  not  lost;  therefore,  the 
SO  is  a  coherent  synchronization  system.  In  the  CRN 
of -a  QPSK  modem,  synchronization,  tracking,  filter¬ 
ing,  and  frequency  division  can  be  performed  simul¬ 
taneously  in  the  same  network.  Experiments  indicate 
that  the  tracking  range  and  the  noise  rejection 
(synchronization  gain)  product  for  an  SO  is  higher 
than  for  other  synchronization  and  tracking  networks. 

An  SO  can  divide  and  multiply  frequencies  by  in¬ 
tegers  and  certain  noninteger  numbers,  with  noise 
present.  This  capability  Is  unique,  especially  with 
noise  and  is  not  achieved  in  a  single  process  by  any 
other  means. 

Because  SOs  can  divide  frequencies,  there  is  a 
valid  argiaaent  for  the  possibility  of  an  SO  function¬ 
ing  in  a  parametric  mode,  with  division  by  2  being  a 
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special  case.  For  example,  the  synchronization  sig¬ 
nal  is  at  its  lowest,  or  has  the  lowest  potential, 
when  the  external  signal  reinforces  it.  This  relation 
indicates  that  the  external  energy  is  supplied  to  the 
90  when  the  SO  energy  is  minimum,  as  In  a  parametric 
operation.  Indeed,  mathematically,  the  SO  and  para¬ 
metric  functions  have  the  same  differential  equation, 
with  the  driving  or  control  signal  being  twice  the 
resonant  frequency  of  the  tank  circuit.  The  mani- 
f as tat ions  of  the  two  phenomena,  subharmonic  reson¬ 
ance  (driving  with  sin  2**)  and  the  parametric  reson¬ 
ance,  are  different.  For  aubharmonlc  resonance,  the 
synchronisation  is  directly  produced  by  the  external 
periodic  excitation.  For  parametric  resonance,  it  is 
caused  by  the  periodic  variation  of  one  of  the  para¬ 
meters  in  the  absence  of  any  direct  external  excita¬ 
tion. 


Experiments  indicate  that  an  SO  can  be  synchron¬ 
ized  only  whan  the  waveform  ia  at  its  minimum  pot¬ 
ential.  Moreover,  there  ia  no  mixing  process  in  an 
SO  to  produce  transients,  nor  are  there  loop  delays. 
Therefore,  because  of  all  three  considerations,  unlike 
Pli,  there  can  be  no  false  lock  with  an  SO. 

There  has  not  been  serious  attempts  in  their  use 
as  inadequate  solutions  of  nonlinear  differential 
equations  did  not  reduce  the  real  capabilities  of  the 
Van  der  Pol  oscillators.  Therefore,  SOs  should  be 
distinguished  from  Van  der  Pol  oscillators  or  injec¬ 
tion  oscillators. 

The  performance  of  an  90  is  determined  by  its 
quality  factor,  which,  for  a  given  driving  energy,  can 
be  defined  as 

Quality  factor  -  Tracking  range  x 

Synchronization  Gain 

This  product  should  be  maximized  for  carrier  recovery. 
Also  the  skirt  selectivity  should  be  as  steep  as  pos¬ 
sible.  In  an  SO,  unlike  passive  circuits,  the  band¬ 
width  (tracking  range)  and  the  noise  rejection  capac¬ 
ity  can  be  increased  at  the  same  time,  and  both  can  be 
optimized  to  a  high  degree  Independently  from  each 
other,, to  deliver  a  highly  efficient  system.  An  opti¬ 
mization  curve  is  shown  in  Figure  1.  A  similar  situa¬ 
tion  exists  in  a  chirp  signal;  where 

Time  x  Bandwidth 
product  is  maximized. 

There  are  three  Important  differences  between  a  SO 
and  a  TO: 


INCREASE  GAIN 


Figure  1 

Quality  Factor  of  A  Synchronous  Oscillator 

1.  In  the  FO  mode  the  phase  shift  between  the 

input  and  the  output  is  180°,  whereas  in  the 
phase-locking  mode  the  phase  shift  remains 

360°  after  synchronization. 

2.  In  che  FO  mode  the  synchronization  corvee 
resemble  thoee  of  tuned  resonant  circuits, 
(See  Figure  2)  whereas  the  synchronisation 
curves  for  SOs  are  rectangular  In  shape  as 
shown  In  Figure  3 .  In  FO  the  oscillator  be¬ 
comes  an  amplifier. 

3.  Ia  FO  decreasing  the  Input  causes  the  output 
of  the  SO  to  decrease,  whereas  in  the  SO 
decreasing  the  input (increases  the  output  as 
shown  in  Figures  2  and  3. 
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Figure  2 

Synchronization  Curves  For  Van  der  Pol  Oscillators 


v  +  {TV7  -  n)v  +  iurjv  “  sinuit 

a  i 

is  solved  by  assuming  a  solution  of  the  form 


Cain  and  Phase  Synchronization  Curves 

The  gain-synchronization  curves  of  a  90MHz  SO 
and  a  560MHz  SO  used  as  carrier  recovery  networks  are 
shown  in  Figures  4  and  5.  They  have  been  displayed  on 
HP  8505  Network  Analyzer.  Figure  5  compares  also  the 
selectivity  of  a  three  section  filter  to  that  of  a  SO. 
The  skirt  selectivities  of  Figures  4  and  5  are  over 
60dB/OCT,  approaching  those  of  crystal  filters.  The 

gain-synchronization  curves  of  FOs,  including  Dewan's^ 
resemble  the  curves  of  resonant  circuits. 

A  SO  can  be  synchronized  reliably  by  a  signal  as 
low  as  -80dBm  and  a  signal-to-noise  ratio  as  low  as 
-lOdB.  The  SOs  of  Figures  4  and  5  are  synchronized  by 


Figure  4 

Gain-Synchronization  Curve  For 
90MHz  Synchronization  Oscillator 


Figure  5 

Gain-Synchronization  Curve  of  A  PLSO 
Compared  To  A  Three  Section  Filter 


a  (t)sinw  t  +  a  (t)cosw  t 
1  12  1 

This  form  of  solution  linearities  a  highly  nonlinear 
differential  equation  and  the  unique  performance  and 
functional  properties  of  the  oscillator  are  lost. 

Although  Dewan’s1  classification  and  concepts  are 
correct,  his  results  do  not  differ  very  much  from  the 
results  of  the  classical  solutions. 


an  input  signal  level  of  -20dBm,  and  have  a  synchroni¬ 
zation  bandwidth  of  approximately  1MHz.  The  skirt 
selectivity  of  an  SO  remains  in  the  order  of  !2dB/0CT, 
and  the  signal-to-noise  sensitivity  is  over  OdB.  In 
phase-lock  loop,  for  example,  the  skirt  selectivity 
is  only  6dB/OCT,  and  requires  a  signal-to-noise  ratio 
higher  than  +5dB  for  synchronization.  Also,  a  SO  can 
acquire  frequency  synchronization  within  few  cycles. 
Although  phase  settling  requires  more  time  it  remains 
at  least  one  order  of  magnitude  lower  than  phase-lock 
loops,  especially  when  there  is  frequency  offset.  For 
example,  with  a  frequency  offset  25KHz  and  tracking 
bandwidth  of  60KHz,  a  phase-lock  loop  in  the  absence 

of  noise  can  be  synchronized  in  lOuseconds^,  whereas 
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SO  with  a  signal -to-noise  ratio  of  -2dB  can  be  synch¬ 
ronized  in  less  than  500nseconds.  The  synchronization 
time  approaches  l^seconds  when  the  input  signal-to- 
noise  ratio  becomes  -5dB.  A  phase  synchronization 
time  curve  is  shown  in  Figure  6  for  a  560MHz  carrier 
recovery  network  with  an  input  signal-to-noise  ratio 
of  -5dB.  In  a  preamble  used  in  a  modem  there  are  48 
bits  of  l's  and  128  bits  of  l's  and  0's  for  carrier 
and  clock  synchronization  respectively.  The  start  of 
the  l's  and  0's  sequence  is  shown  by  the  second  pulse, 
which  settles  l.Suseconds  sooner  than  the  total  time 
allocated  for  this  purpose  which  is  2.8pseconds,  as 
shown  in  Figure  6.  The  pulse  shows  that  a  phase 
change  occurred  at  that  instant  frequency  is  in  syn¬ 
chronism  and  lock. 


Tat  wcrd 
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Figure  ft 

Phase  Acquisition  Curve  of  A  Synchronous  Oscillator 
in  a  Modem 

The  basic  SO  network  which  produces  the  gain- 
synchronization  curves  of  Figures  3,  4,  and  5  is  shown 
In  Figure  7.  The  series  LjC(  resonant  circuit  pro¬ 
duces  the  dips  (zeros)  in  Figure  4  and  5  and  their 
location  are  important  in  determining  the  steepness 
of  the  skirt  selectivity  of  the  gain-synchronization 
curves.  Figure  3  shows  also  the  adaptive  filtering 
property  of  the  SO.  When  the  input  signal-to-noise 
ratio  is  reduced  the  bandwidth  becomes  narrower  and 
the  gain  increases  to  keep  the  output  signal-to-noise 
ratio  almost  constant.  The  dips  in  Figures  4  and  5 
before  and  after  the  synchronization  band  are  due  to 
zeros  of  the  SO  which  occur  before  the  poles.  Similar 
dips  exist  also  in  crystal  and  elliptic  filters. 

The  phase  shift  of  a  SO  is  linear  within  the  syn¬ 
chronization  band  as  shown  in  Figure  8.  The  total 
Phase  shift  of  a  SO  within  its  synchronization  band 

is  alwavs  180°.  The  phase  shift  at  the  edges  of 
the  synchronization  band  can  be  made  to  drop  faster 
to  reduce  the  phase  shift  per  unit  frequency  offset 
at  the  around  of  the  center  frequency.  Increasing 
the  selectivity  of  the  ga ln-svnchroni zat ion  curve 
Increases  the  phase  shift  at  the  edges  of  the  syn¬ 
chronization  band  to  reduce  the  phase  shift  within 
the  synchronization  band.  Figure  8,  for  example, 

has  only  120°  phase  shift  within  the  synchroniza¬ 
tion,  instead  of  180°. 

Synchronous  Oscillator  as  a  Network  Element 

Figure  8  shows  that  the  gain  and  phase  synchroni¬ 
zation  curves  violate  Bode's  phase-attenuation  inte¬ 
gral  theorems.^  According  to  this  theorem  sharp 
changes  in  amplitude  produce  sharp  and  nonlinear 
changes  In  phase  at  and  around  the  synchronization 
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Figure  7 

A  Synchronous  Oscillator  Circuit  Diagram 


Figure  8 

Cain  And  Phase  Synchronization 
Qit-ves  of  A  Synchronous  Oscillator 


band.  As  a  matter  of 'fact  the  phase  nonlinearities 
extend  several  octaves  beyond  the  abrupt  amplitude 
changes.  Therefore,  Figure  8  indicates  an  important 
difference  between  a  linear  minimum  or  nonalnlmun 
phase  shift  network  and  the  nonlinear  SO  network.  In 
addition,  the  gain  synchronization  curves  of  Figures 
3,  4,  and  8  by  themselves  approach  the  non-real izabil- 
ity  criterion  of  linear  networks  (Paley-Wiener  crite¬ 
rion)  due  to  their  sharp  skirt  selectivities  and  their 

flat  synchronization  hand. 

Synchronous  Oscillators  as  Carrier  and  Clock  Recovery 
Networks 

A  SO  can  synchronize,  track,  filter,  divide  and 
improve  the  signal-to-noise  ratio  by  as  much  as  30dB 
8  “1 0 

in  a  single  process.  For  example,  in  a  four  phase 
shift  keying  modem,  the  SO  replaces  one  second  order 
phase-lock  loop  and  two  frequency  lock  loops,  in  the 
original  carrier  recovery  network  of  a  QPSK  modem. 

SOs  have  been  used  successfully  in  modems  at  vari¬ 
ous  bit  rates  as  clock  and  carrier  recovery  networks. 
The  results  were  excellent  and  superior  to  any  other 
clock  and  recovery  network.  For  example,  the  bit 
error  rate  with  recovered  clock  and  carriet  differed 
only  by  0.2dB  from  the  hard  wired  cases  in  burst  mode 
operation  in  a  120Mbit/sec  modem.  Other  results  were 
equally  impressive.  SOs  can  perform  also  functions 


not  possible  by  other  means,  at  least  In  the  saae 
simplicity  and  quality  SOa  do. 

Broadband  lng  SO 


The  three  possible  ways  to  Increase  the  tracking 
range  of  an  SO: 

a.  to  increase  the  S/N  of  the  input  signal, 

b.  to  decrease  the  effective  Q  of  the  SO,  and 

c.  to  decrease  the  gain  of  the  oscillator 
transistor. 

The  increase  in  input  signal  level  Introduces  high 
distortion  and  jitter,  while  lowering  the  gain  of  the 
oscillator  transistor  nay  suppress  the  oscillations 
and  decreasing  Q  lowers  the  lmaunity  to  noise.  There¬ 
fore,  once  the  above  parameters  are  optimized  for  a 
given  requirement,  additional  adjustments  in  the  SO 
parameters  will  degrade  the  performance  of  the  SO. 

The  method  analyzed  below  increases  the  tracking  range 
without  affecting  the  other  performance  features  of 
the  SO. 

The  circuit  in  question  of  a  560MHz  SO  is  shown 
in  Figure  7,  where  a  series  LjCj  network  is  added  to 

the  basic  circuit.  The  equivalent  circuit  of  the 
series  and  parallel  LC  networks  looking  away  from  the 
base  of  T  Is  shown  in  Figure  9. 


A  Series  Equivalent  Tuned  Circuit  -  LjCi 


Equation  (4)  can  be  written  as 


XjCu)  -  QjR^ 
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He  can  write  equation  (5)  as 


or 
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He  start  the  analysis  by  assuming  a  single  series 
resonant  circuit  shown  in  Figure  10. 

The  Impendence  of  Figure  10  is  given  by 

Z  (w)  -  sL  +  1_  +  R/L 
1  1  SCi 

-  s2LjCi+  1  +  sCjR^  (2) 


He  add  a  parallel  resonant  circuit  to  the  exist¬ 
ing  series  resonant  circuit,  and  we  have  the  circuit 
shown  in  Figure  9  looking  Into  Z2(o>).  Z^  Is  the 

equivalent  circuit  looking  Into  the  base  of  Tj.  The 

reactance  of  series  and  parallel  circuits  near  reson¬ 
ance  varies  in  the  same  amount  but  In  opposite  direc¬ 
tions.  That  is,  the  reactance  of  a  series  resonant 
circuit  Increases  while  that  of  a  parallel  resonance 
circuit  decreases  away  from  resonance. 


Let 

w2  -  l/LjCj 

and 


Ql  *  woLj/R^ 

we  can  write  equation  ( -)  as 

Z,<«)  -  Q  1  *0  +  Jua,°  Rl  (3) 

Jwow 

He  are  Interested  in  the  variation  of  reactance 
near  the  resonance  frequency.  The  reactance  in  this 
case  is  given  by 

h*  *0)L  +  h) 

Xt(w)  -  QiRj^  V  /\  /  (4) 

Wilg 


Figure  9 

Equivalent  Resonant  Circuit  of  A 
Synchronous  Oscillator 


Therefore,  equation  (6)  can  be  written  for  Figure 

9  as 


Au  X2(ud 

“0  2(Qj  -  Q2)  R^ 

By  using  a  combination  of  a  series  and  a  parallel 
resonant  circuit  in  an  SO,  it  is  possible  to  Increase 
the  tracking  range  while  keeping  Individual  Q's  high. 
This  is  possible  as  both  Q's  are  multiplied  by  the 
gsln  of  the  oscillating  transistor.  Hlth  Qj-»Q2, 

the  tracking  range  becomes  wide  while  keeping  the 
steep  skirt  select ivitles.  The  circuits  of  Figures  3, 
4,  3  and  8  use  the  LjCj series  resonant  circuits. 

Hlthout  the  LjCj networks  the  gain-synchronisation 

curves  can  not  achieve  high  selectivity  and  high  gain. 
Rote  the  sharp  skirt  selectlvltles  with  high  gain. 
These  sssure  high  noise  rejection  capability  with 
tracking  range  varying  from  1  to  2.6  MHz.  Mote  the 
dips  on  both  sides  of  the  tracking  range.  In  Figure  4. 
This  type  of  tracking  performance  is  characteristic  of 
two  resonant  circuits,  the  dips  occurring  due  to  se¬ 
ries  feedback  resonance.  In  Figures  3  sod  8  the  dips 
are  further  away  from  the  center  frequency  and  can  not 
be  seen. 

Although  simple  linear  analysis  shows  that 
the  transfer  function  of  an  SO  resembles  that  of 

a  second  order  FLL,3  experimental  results  and  the 
present  analysis  indicate  that  the  SO  outperforms 
in  all  aspects  a  second  order  FLL.  In  addition  a 
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SO  Is  a  multifunctional  network  which  can  replace 
several  phase-lock  and  frequency-lock  loops.  SOs  are 
also  much  simpler  networks. 
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Summary 

This  paper  describes  the  Frequency  Standard  Com¬ 
biner  Selector  (FCS)  which  was  being  developed  jointly 
by  the  Bendlx  Field  Engineering  Corporation  and  the 
Applied  Physics  Laboratory  for  the  NASA  Space  Tracking 
Oata  Network  (STON)  headquartered  at  Goddard  Space 
Flight  Center  (GSFC).  The  purpose  of  the  FCS  Is  to 
provide  a  redundant  high  performance  frequency  source 
for  a  redundant  timing  system. 

The  FCS  is  designed  to  take  maximum  advantage  of  an 
ensemble  of  frequency  standards  at  a  station  by: 

1.  automatically  combining  their  frequency  outputs 
Into  a  single  output  with  the  average  properties  of  the 
whole  ensemble, 

2.  automatically  eliminating  faulty  members  of  the  en¬ 
semble, 

3.  automatically  keeping  the  FCS  output  on  time  and  on 
frequency  with  respect  to  UTC  regardless  of  the  long 
term  behavior  of  the  ensemble, 

4.  being  single  point  failure  protected  so  a  single 
point  failure  in  the  FCS  itself  will  not  disrupt  opera¬ 
tion. 

~'3This  paper  discusses  in  detail  the  design  of  the 
FCS  and  how  its  functions  are  implemented  by  the  vari¬ 
ous  subsystems.  The  heart  of  the  FCS  is  a  digitally 
implemented  phase  lock  loop  based  on  a  multiple  mixer 
phase  comparison  system,  a  digitally  controlled  VXCO, 
and  a  microprocessor.  The  digital  loop  allows  one  to 
phase  lock  the  VXCO  to  the  average  phase  of  the  ensem¬ 
ble  of  standards  even  though  the  various  standards  op¬ 
erate  at  different  frequencies  and  even  though  the  VXCO 
output  frequency  Is  purposely  offset  from  the  average 
frequency  of  the  ensemble.  This  offsetablllty  feature 
allows  the  FCS  to  use  a  second  very  long  time  constant 
(1  week)  phase  lock  loop  to  adjust  the  offset  frequency 
so  the  timing  system  output  1$  kept  on  time  and  on 
frequency  with  respect  to  a  1  pps  Universal  Coordinated 
Time  (UTC)  reference  provided  by  a  suitable  timing  re¬ 
ceiver.  The  second  loop  also  allows  the  microprocessor 
to  determine  the  frequencies  of  individual  Input  stan¬ 
dards  against  UTC.  fciU  allows  the  FCS  to  readjust  the' 
VXCO  offset  frequetmy  when  there  Is  an  Input  standard 
failure  so  that  the  FCS  output  remains  on  frequency  as 
well  as  on  time  with  respect  to  UTC. 

The  theoretical  and  experimental  behavior  of  the 
digital  loops  used  in  the  FCS  are  presented  and  other 
embodiments  of  the  FCS  concept  are  discussed.  A  subset 
system  of  the  FCS  called  the  Frequency  (Standard)  Se¬ 
lector  which  only  switches  redundant  output  between  the 
various  input  standards  in  case  of  input  standard 
failure  is  also  discussed. 

Description  of  the  FCS  Hardware 

Figure  1  shows  a  simplified  block  diagram  of  the 
FCS  and  Figure  2  shows  an  overall  view  of  the  rack 
containing  the  FCS  next  to  a  teletype  and  a  POP-ll 


computer  used  as  a  back  up  to  the  LSI-11  controlling 
the  FCS.  A  digitally  controlled  crystal  oscillator 
(OXCO)  composed  of  an  18  bit  digital  to  analog  convert¬ 
er  and  a  high  stability  VXCO  Is  used  to  provide  the  5 
MHz  outputs  of  the  FCS  under  normal  conditions.  A  phase 
comparison  system  is  used  to  monitor  the  difference  In 
phase  between  the  5  MHz  output  of  the  DXCO  with  a  reso¬ 
lution  as  high  as  0.0S  ps.  This  Information  is  used  by 
an  LSI-11  microprocessor  to  phase  lock  the  DXCO  to  the 
average  phase  of  the  atomic  standards.  In  this  phase 
lock  mode,  the  fractional  frequency  of  the  OXCO  can  be 
arbitrarily  offset  with  respect  to  the  average  frequen¬ 
cy  of  the  atomic  standards  with  a  range  of  ♦lxlO*7. 
This  effectively  turns  the  OXCO  into  a  low  nofse  syn¬ 
thesizer. 

In  practice,  the  frequency  resolution  of  this  syn¬ 
thesizer  is  virtually  infinite.  The  processor  controls 

the  DXCO  frequency  with  a  resolution  of  8xl0**3  per 
bit.  But  the  phase  lock  loop  allows  the  processor  to 
change  the  frequency  of  the  DXCO  ten  times  a  second  so 
that  the  loop  can  adjust  the  phase  of  the  DXCO  in  0.08 
ps  steps.  This  effectively  turns  the  OXCO  into  a  syn¬ 
thesizer  with  a  frequency  tracking  resolution  of: 


5f  8xl0‘14 
f  T 


where  t  is  the  averaging  time  in  seconds. 

The  frequency  offsetablllty  of  the  phase  lock  loop 
is  used  to  keep  the  OXCO  output  on  time  with  UTC  regard¬ 
less  of  the  frequencies  of  the  input  standards.  An 
event  clock  monitors  the  difference  in  time  between  the 
local  timing  system  1  pps  output  driven  by  the  FCS  and 
UTC  Information  provided  via  LORAN-C  or  some  other  time 
source.  The  proper  frequency  offset  to  keep  this  time 
difference  zero  Is  maintained  either  manually  or  in  a 
secondary  loop. 

Error  detection  and  single  point  failure  protec¬ 
tion  are  accomplished  in  a  triple  redundant  subsystem 
called  the  Frequency  (Standard)  Selector  (FS).  The  FS 
constantly  monitors  the  health  of  the  Input  standards, 
the  OXCO,  and  other  system  elements.  If  an  input  stan¬ 
dard  fails,  it  is  thrown  out  of  the  phase  lock  loop  by 
the  processor.  Errors  that  will  cause  loop  failure. 
Including  processor  failure,  cause  the  FS  to  transfer 
the  5  MHz  outputs  from  the  DXCO  to  the  first  standard. 
This  Is  accomplished  In  1  us  so  an  LC  filter  can  main¬ 
tain  the  5  MHz  outputs  during  the  switching  process 
keeping  the  time  error  caused  by  this  type  of  failure 
down  to  +100  ns.  A  subsequent  failure  In  the  first 
input  standard  then  causes  the  FS  to  similarly  switch 
all  outputs  to  the  second  Input  standard.  The  FS  Is 
described  in  more  detail  later  In  the  paper. 

A  teletype  and  digitally  controlled  multichannel 
strip  chart  recorder  constantly  provide  hard  copy  docu¬ 
mentation  of  system  operation.  This  documentation  can 
also  be  sent  to  remote  locations  via  several  RS-232 
Interfaces  In  the  FCS. 
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The  controller  of  the  FCS  Is  a  Digital  Equipment 
Corporation  LSI -11  microcomputer  which  Is  Interfaced  to 
most  of  the  digital  hardware  of  the  FCS  through  an  IEEE 
standard  CAMAC  crate  and  data  bus.  The  CAMAC  crate  con¬ 
taining  the  LSI-11,  the  18  bit  digital  to  analog  con¬ 
verter,  and  a  multichannel  event  clock  (to  be  described 
later)  1$  shown  In  Figure  3.  Not  snown  Is  the  16 
channel  recorder  Interface  which  also  fits  In  the  CAMAC 
crate.  The  CAMAC  crate  was  used  to  Interface  the  hard¬ 
ware  rather  than  the  standard  LSI-11  data  bus  so  the 
modules  developed  for  the  FCS  could  be  used  with  other 
computers.  The  four  RS-232  Interfaces  are  part  of  the 
LSI-11.  They  can  be  used  to  remotely  control  the  FCS  as 
well  as  for  transmitting  monitoring  data. 

The  phase  comparison  system  Is  a  multichannel  gen¬ 
eralization  of  a  dual  mixer  system1.  The  system  uti¬ 
lizes  an  8  channel  phase  comparator,  a  multichannel 
event  clock,  and  a  crystal  local  oscillator  (LO).  The 
8  channel  phase  comparator  Is  shown  In  Figure  4.  The  8 
channel  phase  comparator  Is  made  to  be  used  with  an  LO 
which  Is  offset  from  the  from  the  frequency  standards 
to  be  compared  by  frequencies  up  to  10  Hz.  The  8 
channel  comparator  consists  of  a  buffered  distribution 
system  for  the  LO  and  8  buffered  single  channel  phase 
comparators  which  produce  TTL  square  waves  synchronized 
to  the  zero  crossings  of  the  beat  frequencies  between 
the  LO  signal  and  the  each  input  frequency  standard 
signal.  At  5  MHz,  the  8  channel  comparator  provides 
greater  than  100  db  of  Isolation  between  pairs  of  Input 
standards  and  between  the  Input  standards  and  the  LO. 
At  5Mtzwith  a  1  Hz  beat,  the  noise  floor  of  the  phase 
comparator  Is  0.05  ps.  The  performance  of  the  phase 
comparator  as  a  function  of  averaging  time  Is  shown  In 
Figure  5.  Even  though  the  8  channel  phase  comparator 
Is  designed  for  5  MHz,  It  Is  usable  from  over  50  MHz  to 
under  100  kHz.  The  theory  behind  the  operation  of  the 
phase  comparator  Is  described  In  the  next  section. 

The  multichannel  event  clock  records  the  epochs  of 
either  the  positive  or  negative  edges  of  the  TTL  sig¬ 
nals  coming  from  the  8  channel  phase  comparator  and  the 
1  pps  UTC  reference.  Several  different  multichannel 
clocks  have  been  developed  with  resolutions  ranging 
from  200  ns  to  12.5  ns  and  with  6  to  16  channels.  If 
higher  resolution  Is  desired,  a  laboratory  time  Inter¬ 
val  counter  can  be  Interfaced  via  an  IEEE  488  Interface 
connected  to  either  the  CAMAC  crate  or  directly  to  the 
microcomputer. 

The  LO  consists  of  a  Frequency  and  Time  Systems 
FTS-1000  crystal  oscillator  with  a  nominal  frequency  of 
4,999,990  Hz.  Other  LO's  with  only  a  1  Hz  offset  from  5 
MHz  have  been  successfully  used  in  the  system.  The  LO 
Is  left  free  running  so  the  phase  comparison  system 
will  operate  regardless  of  the  status  of  any  of  the 
atomic  input  standards  or  even  the  VXCO.  The  operation 
of  the  phase  comparison  system  with  a  free  running  LO 
Is  described  In  detail  In  the  next  section. 

Theory  of  the  Phase  Comparison  System 

8efore  describing  the  theory  of  the  phase  compari¬ 
son  system,  it  Is  helpful  to  review  some  pertinent  fre¬ 
quency  standard  theory.  The  output  of  a  frequency 
standard  can  be  described  by: 


V  «  A  sin  (2xf0  +  g(t)J  (1) 


where  f01s  its  nominal  or  Ideal  frequency  and  4  (t) 
describes  all  the  phase  deviations  from  Ideal  behavior. 


One  can  show  that  If  this  frequency  standard  Is  used  to 
drive  a  clock  that,  at  any  Instant,  the  error  In  this 
clock's  reading  Is  given  by: 


x(t)  •  (2) 

o 

x  Is  called  the  normalized  phase  error  or  clock  reading 
error.  For  simplicity  In  this  paper,  x  will  be  called 
the  clock  error. 

By  taking  the  time  derivative  of  one  obtains  the 
Instantaneous  angular  frequency  offset  from  2tf0: 

af-  »  ♦  ■  2"«f(t) 


Olvldlng  this  by  2rrf0  yields  the  Instantaneous  frac¬ 
tional  frequency  error: 


Sf  6  dx  * 

y‘ V**T’*‘*X 

(3) 

That  Is,  the  Instantaneous  fractional  frequency  offset, 
y,  is  the  time  derivative  of  the  clock  error,  x. 
Averaging  y  over  some  timet : 

y(t  +  T  ,  t )  -  I/t+Ty(f)dt' 

£ 

(4) 

yields  the  Important  relation: 

7  (t  +  T,  t)  » -  *(t) 

(5) 

Now,  within  this  framework,  the  phase  comparison  system 
can  be  described. 

The  phase  comparison  system  Is  a  generalization  of 

the  dual  mixer  phase  comparison  technique1.  A  simpli¬ 
fied  schematic  diagram  which  describes  the  dual  mixer 
technique  Is  shown  In  Figure  6.  The  multiple  mixer 
system  utilizes  more  than  two  mixers  connected  to  the 
transfer  or  local  oscillator  so  any  pair  of  frequency 
standards  can  be  Intercompared  as  In  the  dual  mixer 
system.  In  the  actual  system,  the  mixer  Is  replaced  by 
a  single  channel  phase  comparator  consisting  of  two 
buffer  amplifiers  to  provide  isolation,  a  mixer  to  pro¬ 
duce  a  beat  frequency  signal,  and  a  low  noise  zero 
crossing  detector  with  a  narrow  band  front  end  am¬ 
plifier  to  produce  fast  rise  time  square  waves 
synchronized  to  the  beat  frequency.  The  noise  band¬ 
width  of  the  system  is  defined  by  the  bandwidth  of 
the  front  end  amplifier. 

To  understand  the  detailed  operation  of  the  phase 
comparison  system,  consider  an  Input  on  channel  1  of 
the  form: 

V,  «  Ai  sin  (2nfo  t  +  4,(0) 
and  a  signal  from  the  local  oscillator  of  the  form: 


VL  -  A^  sin  (2  f0  t  *9L(t)) 


M 


where  f  *  5  MHz.  Notice  that  all  the  phase  deviations 
In  these  signals  from  that  of  an  Ideal  5  MHz  oscillator 
have  been  put  Into  ^  and  respectively  (Included  In 

♦L  Is  the  10  Hz  offset  from  5  MHz). 

Each  single  channel  phase  comparator  outputs  a  TTl 
square  wave  whose  edges  correspond  to  the  zero  cross¬ 
ings  of  the  beat  frequency  out  of  the  double  balanced 
mixer.  The  mixer  for  channel  1  outputs  the  beat  fre¬ 
quency  between  the  local  oscillator  and  the  channel  1 
Input.  Since  the  local  oscillator  Is  lower  In  frequen¬ 
cy  than  all  the  channel  1  Inputs,  the  1th  mixer  output 
Is  of  the  form: 

VM  =  *M  9(*t  (t)  -  *1  (t)) 

where  g  Is  some  sine-like  function  whose  only  Important 
properties  for  this  discussion  are  that: 

g  (nii)  =o 

and  that  the  slope  of  g  is  positive  for: 

*  2n  tt 


Equation  (7)  states  that,  to  determine  the  differ¬ 
ence  In  clock  error  between  any  two  channels,  only  the 
relative  frequency  between  the  LO  and  one  of  the  oscil¬ 
lator  channels  concerned  must  be  known.  In  other 
words,  only  the  relative  frequency  and  not  the  phase  of 
the  LO  affects  the  phase  measurement.  In  practice,  one 
need  only  estimate  7L  -  periodically  to  obtain 
sufficient  accuracy  for  the  phase  measurement.  The 
error  this  will  introduce  Is  given  by: 

5x  "  67  (tni  '  ‘mj> 

Since,  In  general,  we  can  make  tn1  -  t^j  100  ms  by 

choosing  n  and  m,  x  will  be  less  than  10'*3s  If 
y^  -  y j  Is  measured  to  10"*2.  The  LO  Is  a  low  noise 
crystal  oscillator  whose  stability  from  1  s  to  100  s  is 
better  than  10"*2  and.  In  general,  all  the  atomic 

standards'  frequencies  will  be  known  to  10**2.  We  can 
therefore  use  any  atomic  standard  Input  to  estimate 

y[  -  7j  and  can  take  up  to  100  s  to  make  the  measure¬ 
ment  to  have  an  accuracy  of  10'^s  for  differential 
phase  measurements. 


The  zero  crossing  detectors  of  the  1th  channel  turn  the 
function,  g.  Into  a  square  wave  whose  positive  edge 
occurs  at: 

♦l  ltn0  *  *1  (tni>  “  2n*  (6) 

where  tpi  is  the  epoch  of  the  nth  postive  edge  of  the 

channel  1  beat  frequency  square  wave  and  where  the 
phases  and  have  been  defined  to  make1>L  -  zero 

at  the  epoch  of  the  first  positive  edge  under  consider¬ 
ation,  t 

Equation  6  Implicitly  relates  the  phase  deviations 
between  the  channel  1  oscillator  and  LO  to  the  epoch  of 
the  1th  channel  zero  crossing.  To  obtain  the  clock 
errors  explicitly  in  terms  of  the  zero  crossing  epochs, 
we  proceed  as  follows.  Using  (2),  (6)  becomes: 

XL  {tn1)  -  X1  (tni}  *  T" 

0 

Taking  the  difference  between  two  channels,  gives: 

X1  *  xj  •Vj5  ’  XL  ’  XL  '  ijf 

Using  (5),  for  7^  and  yj,  the  fractional  frequency  off¬ 
set  of  the  LO  and  CSj  respectively,  finally  yields: 

xt  (tM>  *  xj  (tnf>  +?f’  (7) 

**L  (tn1’  w  •  (tnr  Wl  (tn1  *  Vj* 

This  Is  the  equation  we  are  after  since  It  relates  the 
difference  in  clock  error  between  two  Inputs  measured 
at  the  same  time  to  the  t  ('s  which  are  measured  by  the 

multichannel  event  clock. 


Through  (7)  we  can  also  determine  how  frequency 
instabilities  In  the  LO  determine  the  system  measure¬ 
ment  noise  for  clock  error.  Defining  the  clock  error 
jitter  variance  from  measurement  to  measurement  as: 

°mx  =  *  <lxn1  *  xn+l,i  *  xmj  *  Vl.j1  ?  ” 

in  the  absence  of  any  noise  from  the  Input  oscillators 
where  <•••>  Indicates  an  Infinite  time  average,  one  can 
show  from  (7)  that: 

°mx  °  °x  (2,  Vi  ’  Vj’  Vi  *  V+1,1*  W 

where  o^(2,t,T)  is  the  Allan  variance^  of  x  of  the  LO 

for  averaging  time  t  and  dead  time  T-t.  (o‘  has  been 

mx 

defined  to  make  the  system  noise  equal  to  the  Allan 

•  ? 

variance  of  the  LO.  If  the  more  conventional  oj  were 
used  to  define  the  system  noise,  the  system  noise  equa¬ 
tion  would  not  be  so  simple.)  In  analyzing  (8),  It  1$ 
Important  to  consider  whether  tn<  -  tmj  Is  greater  or 

less  than  tc,  the  correlation  time  of  the  low  pass  fil¬ 
ters  In  the  zero  crossing  detectors  (which  determine 
the  noise  bandwidth).  Assuming  that  tc  «  tn1  -  tmj  < 

1  s,  the  Allan  variance  above  is  approximately  a  con¬ 
stant.  For  the  LO  used.  It  Is  about  1  ps.  Thus  for 
tni  -  t^  »  tc,  the  phase  noise  of  the  LO  over  the 

beat  period  determines  the  system  measurement  noise. 
For  Vi  *  Vj  <<  tc,  the  correlation  of  the  low  pass 

filter  causes  a  reduction  in  system  noise  given  approx¬ 
imately  by: 


where  o„  Is  the  LO  phase  noise  for  I  tn1  -  t^jl  »  tc. 

Since  the  measurement  system  Is  measuring  Indepen¬ 
dent  frequency  standards,  •Vi  •  Vl'  will  assume  all 


W 


values  between  0  and  the  period  of  the  beat  frequency 
between  the  10  and  the  frequency  standards.  This  means 
that  If  f  Is  less  than  the  beat  frequency  (which  Is 

true  In  our  case),  the  10  phase  noise  will  limit  the 
phase  resolution  of  the  multiple  mixer  measurement  sys¬ 
tem.  A  way  to  overcome  this  for  long  term  measuraents 
Is  to  average  the  results  of  N  afcasurements  of  xn1 


after  correcting  each  with  an  Independent  measurement 
of  yL  -  yj.  Since  each  measurement  Is  Individually 

corrected  for  changes  In  10  frequency,  the  contribution 
of  the  10  to  the  measurement  noise  will  act  like  white 
phase  noise  because  the  long  term  correlations  from  the 
LO  will  have  been  taken  out  by  the  correction  process. 
Therefore,  the  contribution  of  the  LO  noise  in  the  av¬ 
erage  of  win  be  reduced  by  the  square  root  of  N. 


If  the  multichannel  event  clock  has  a  resolution, 
R,  the  smallest  phase  change  that  can  be  measured  is 

yLR.  For  yL  *  2  x  10"6  (10  Hz  offset),  and  R  *  2  x 
10'2s,  the  phase  measurement  resolution  is  0.4  ps. 


digital  Phase  Lock  Loop 

First  consider  locking  the  OXCO  to  a  single  refer¬ 
ence  input.  Let  y  be  the  fractional  frequency  output 
of  the  OXCO.  If  the  DXCO  control  has  a  sensitivity 
of  S  (df/f  per  bit)  and  the  control  register  value  Is  V, 
then : 

y  *  S  Y  +  yf 

where  yf  describes  the  free  running  behavior  of  the 
DXCO.  Let  be  the  clock  error  between  the  OXCO  and 
the  reference  oscillator: 


*n1  *  *o<W  '  xi(tni> 

where  channel  o  is  the  OXCO  channel.  Then  using  (7): 
Xni  '  R  <Tno  '  Tni)(*l  '  *1> 


where  R  is  the  resolution  of  the  event  clock  In  seconds 
per  bit  and  Is  the  epoch  of  the  nth  beat  zero 

crossing  for  channel  1  in  bits.  Since  we  are  locking  on 
only  one  reference,  we  can  assume  It  Is  on  frequency, 
that  Is,  y^  *  0. 

A  first  order  phase  lock  loop  is  given  by  the  equa¬ 
tion: 

Y„  *  -(B/S)  xn1 

which  for  times  long  compared  with  the  beat  period,  x  , 
Is  equivalent  to: 

ai  m  -  B*  +  *f 
This  has  the  solution: 

x  *  x0  e*Bt  +  yf/B 

where  B*1  is  the  time  constant  of  the  phase  lock  loop. 

When  phase  locking  to  a  cesium  standard,  B**  should 
be  about  100  s  because  the  OXCO  Is  less  noisy  than  a 
cesium  frequency  standard  up  to  about  a  100  s  averaging 
time.  This  causes  problems  due  to  the  presence  of  yf, 

however.  The  OXCO  has  a  rated  frequency  drift  of  less 

than  10*10  per  day  or  about  10*15  per  second.  Since 
this  Is  a  slow  drift: 


dx  _  n-l 

at  * B 


dyf 

w 


so  the  OXCO  would  run  at  a  fractional  frequency  offset 

from  the  Input  standard  of  about  10* ^  due  to  the  free 
running  OXCO  frequency  drift.  Such  an  uncontrolled 
offset  In  the  phase  locked  OXCO  Is  unacceptable. 

To  overcoats  this  problem,  a  second  order  loop  Is 
used.  The  OXCO  register  is  Incremented  at  each  beat 
period,  t0,  by: 

iYn  -  -  (B/S)  Axni  -  (Cx0/S)  xn1 


where  the  operation  A  Is  defined  as: 

Aan  ‘  an  *  an-l 
This  Is  equivalent  to: 

A  Y  A  x  . 

T-*  *  -<s/s)  -r1  (c/s)-x  . 

0  o  n1 

and  for  times  long  compared  to  xq  this  becomes: 


Cx  +  0 


(9) 


where  D  Is  the  drift  rate  of  the  DXCO.  Equation  (9),  In 
general,  has  the  solution: 


-r.t  "Y2t  D 
x  ( t )  =  aje  +  a2e  +  £ 


(10) 


where: 

rj  «  B/2  +  i  /b2  -  4C 
r2  =  B/2  -  i  Jb2  -  4C 

and  where  aj  and  a2  are  constants  determined  by  x(0) 

and  x(0) .  For  the  phase  lock  loop  to  be  stable,  we 
must  have: 


BZ  £  4C 


2 

B  ■  4C  defines  the  critically  damped  solution: 


x(t) 


(a 


jt  ♦  a2] 


*rc*  +  0 
e  +  t 


(ID 


where: 


B2 

rc  ■  B/2  and  C  « 

In  this  case,  a  frequency  drift  will  only  produce  a 
phase  offset: 


x  -  0/C 

For  critical  damping,  rj*  ■  100  s,  and  0  •  10*^/day, 
this  equation  yields  x  ■  10  ps.  This  Is  below  the  phase 
Mtter  of  the  average  phase  of  even  10  cesium  standards 
so  OXCO  frequency  drift  should  not  cause  problems  with 
a  second  order  loop. 

Now  consider  a  second  order  phase  lock  loop  which 
tracks  the  OXCO  to  the  average  phase  of  several  atomic 
standards  (CSj)  with  an  adjustable  fractional  frequency 

MO 


A.. 
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offset,  yQ.  Again,  the  phase  difference  between  the 
OXCO  and  CS1  Is: 

Nil  ’  R(T«o  -  Tn1>  *  7,) 

where  again  R  Is  the  resolution  of  the  clock,  and  Tn1  is 
the  1th  channel  beat  zero  crossing  epoch  In  bits. 


In  order  to  keep  the  T  register  from  being  changed 
drastically  by  a  bad  data  point.  This  allows  the  loop 
to  function  In  high  noise  environ— nU.  One  can  show 
that,  by  judicious  choice  of  l,  the  leap  can  be  — de  to 
function  smoothly  with  bad  data  occurring  SO  percent  of 
the  tine  or  —re  and  that  the  loop  can  function  without 
degraded  perforwance  with  bad  data  occurring  up  to  10 
to  20  percent  of  the  tine  (If  the  bad  data  points  are 
randomly  distributed). 


In  a  practical  phase  lock  loop,  a  problem  In  com¬ 
puting  xn1  occurs.  Because  the  freguencles  of  the  In¬ 
put  standards  are  In  general  different,  -Tni  will 
diverge  In  time  (even  If  yQ  were  sgt  to  zero).  This 

means  that  an  Infinite  me—  ry  would  be  required  to 
store  all  .the  past  values  of  Tn^  required  to  comp ute 

Tno  '  Tn1  at  any  91ven  1 "stent.  To  avoid  this  problem, 
using  (7)  again,  we  can  rewrite  xn1  as: 


*„1  *  R  <Tno  -  TmiK*l  -V-lf 
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This  allows  us  to  use  the  closest  to  Tn(J  so  we  don't 

have  to  store  past  values.  From  (12),  we  can  obtain  the 
difference  between  the  OXCO  phase  and  the  average  phase 
of  N  cesiums: 

N 

xns£i=l  [^0-^71-71)--^-^]  (U) 

0 


where  the  fact  that  m  Is  a  function  of  1  is  explicitly 
Indicated. 

To  lock  the  OXCO  to  the  average  phase  of  the  cesi¬ 
ums  with  a  fractional  frequency  offset  yQ,  we  can  de¬ 
fine  a  variable: 


where  the  units  of  Xfl  are  In  bits.  Since  the  event 

clock  Is  driven  by  5  MHz  from  the  OXCO,  the  OXCO  output 
defines  the  local  time  scale  against  which  measure— nts 
are  being  made.  He  therefore  can  consider  that: 


Using  this  and  (13)  we  obtain: 


xn*ff  Z  l(TmrTno)(7L*7i>  ♦  Jn,l  (14) 

1*1 

%  <W 

where: 


Jn1  *  n*"'(1J 

A  second  order  loop  In  the  varlble  Xn  is  defined  by: 


Because  the  CS1  t.ave  different  frequencies,  and 

v  (T  -T„)  will  Individually  grow  without  limit  n 
+  o '  no  oo 

goes  to  Infinity.  This  will  not  cause  computational 
problems  In  comp utlng  Xn,  however.  If  we  rewrite  (14) 
as: 

xn  *  i  'Tmi  -  TnoH7L  -7^  +Kn  (16) 


where: 


K  2  - 

xn  N 


N 

t 

i»l 


nl 


♦  y  (T 
Jo  '  no 


Too> 


(17) 


—st  be  bounded  as  n  goes  to  Infinity  because  all  the 
other  terms  In  (16)  are  bounded  (The  phase  lock  loop 
causes  Xn  to  be  bounded.)  Kn  can  be  comp uted  by  setting 
It  Initially  to  zero  and  comp  utlng  Increme  nts  to  add 
with: 


AKn 


tjj  AJni  +  *oATno. 


(18) 


The  aJ^  can  be  comp  uted  by  two  — thods.  The  sim¬ 
plest  — thod  Is  to  use  the  definition  of  the  Jn1  and 
increme nt  A Jn1  for  each  OXCO  zero  crossing  and  decre- 
— nt  AJn1  for  each  CS^  zero  crossing.  The  disadvantage 
of  this  Is  that  should  a  noise  pulse  cause  a  false  Tn<| 

or  should  a  zero  crossing  be  skipped,  the  OXCO  will 
shift  in  phase  by  200  ns/N. 

To  avoid  such  per— nent  phase  shifts  In  the  OXCO, 
another  —thod  for  calculating  the  *Jn<  can  be  used  as 

follows.  With  the  convention  that  T^  is  the  first 
channel  1  event  after  Tno  occurs,  —  can  define: 

15  Tn1  *  Tm1  ’  Tno 

DTn1  will  range  between  zero  and  approximately  0.1  s. 
If  the  and  y0  are  not  too  large,  0Tfl1  will  change 
slowly  with  n  until  0  or  tq  Is  reached.  Then,  the  vatue 
of  0Tn1  will  suddenly  change.  Thus,  to  compute  AJB<> 
one  can  use  the  algorithm: 

1.  If:  0  Tn1  -  D  Tn>lt1  > 


AYn  ■  AXn  +  xn  <») 

0  0 

where  A  T„  1*  the  amount  the  OXCO  control  register  Is 

Incremented.  In  the  actual  algorithm,  aT„  Is  limited 
to: 

.1  <  AY„  <  L 


2.  then:  AJfl1  •  -1 

3.  If:  t  T„,  -  0  Vl.  I  <  -  Jt 

4.  then:  AJn<  •  +1 
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5.  Otherwise:  aj  »  o 
ni 

The  advantage  of  this  method  Is  that  If  there  Is  a  bad 
Jn1  or  a  skipped  aero  crossing,  AJnl  will  switch  be¬ 
tween  >1  and  -1  or  vice  versa  on  successive  calcula¬ 
tions  leaving  no  permanent  phase  shift. 

yL  and  the  y}  can  be  calculated  from  the  event 

clock  data.  Once  the  DXCO  Is  locked,  It  defines  local 
time,  and  by  definition  Is  at  frequency  f  Therefore, 
yL  and  the  y1  can  be  estimated  by: 


Because  the  LO  is  a  free  running  crystal  oscillator,  yL 

must  be  constantly  updated  to  correct  for  crystal 
drift.  Since  only  must  be  known,  to  calculate 
X  ,  (20)  Is  all  that  Is  needed  for  loop  operation.  To 

"  in 

make  the  estimate  error  on  the  order  of  10'1£  or  less, 
but  often  enough  to  correct  for  10  changes,  m  should  be 
between  10  and  1000  (1-100  seccod  averages).  (19)  is 
used  to  determine  yj  from  (20)  for  diagnostic  purposes. 

FCS  Performance 

The  performance  of  the  phase  comparison  system  and 
the  5  MHz  distribution  amplifiers  used  In  the  FCS  have 

been  presented  elsewhere  so  this  data  will  not  be  pre¬ 
sented  here.  Figures  7,  8  and  9  show  the  critically 
damped  second  order  phase  lock  loop  performance  for 
1  s,  10  s,  100  s  time  constants  respectively  using  two 
Hewlett  Packard  high  performance  cesium  frequency  stan¬ 
dards  as  Input  standards.  Besides  showing  the  param¬ 
eters  discussed  In  the  previous  sections,  the  figures 
also  show  the  1  pps  from  one  of  the  cesiums  monitored  by 
the  clock.  This  shows  whether  the  loop  jumps  cycles  of 
5  MHz.  In  the  figures,  Xe  Is  Xn  and  VXCO  Is  Yfl  from  the 

theory  section  converted  to  time  units  and  fractional 
frequency  change  In  the  VXCO  respectively.  Notice  that 
In  the  10  s  loop  there  Is  bunching  of  the  VXCO  (Y 
variable)  noise  distribution  and  that  In  the  100  s  loop 
there  Is  a  sudden  spike  In  X(  accompanied  by  a  jump  In 

VXCO  representing  about  a  4  *  10'^  Jump  In  the  OXCO 
crystal.  The  spikes  In  the  100  s  loop  occurred  only 
occasionally,  with  periods  between  the  spikes  ranging 
from  a  few  hours  to  a  few  days.  Notice  also  that  In  the 
100  s  loop  the  1  pps  did  not  jump.  This  shows  that  the 
loop  does  not  Jump  cycles  even  under  a  severe  distur¬ 
bance.  The  authors  feel  that  both  the  10  s  bunching  In 
the  VXCO  data  and  the  100  s  spikes  are  due  to  vibration 
of  the  AT  cut  crystal  used  In  the  OXCO  by  fans  In  the 
rack  holding  the  FCS.  Discussions  with  others  In  the 

crystal  manufacturing  business4*®  Indicate  that  the 
crystal  may  have  exhibited  these  occasional  jumps  be¬ 
cause  It  was  cut  too  near  the  anomalous  resistance 
point.  Since  we  not  specify  to  Frequency  and  Time 
System  that  the  crystal  oscillator  should  exhibit 
smooth  clock  behavior  and  since  the  crystal  oscillator 
meets  all  manufacturers  specifications,  we  can  only 


fault  ourselves  In  this  matter.  We  are  also  confident 
that  these  skips  would  disappear  If  a  properly  sped* 
fled  crystal  were  used  as  the  OXCO. 

Before  we  could  cure  these  problem,  however,  work 
on  the  FCS  was  stopped  for  the  reasons  having  nothing 
to  do  with  the  FCS  Itself.  The  FCS  was  being  developed 
to  provide  a  redundant  high  performance  frequency  source 
for  the  next  generation  timing  system  for  NASA's 
Spaceflight  Tracking  and  Data  Network  (STDN)  stations 
run  by  Goddard  Space  Flight  Center  (6SFC).  Development 
work  on  the  FCS  was  stopped  before  the  FCS  was  com¬ 
pleted  because  NASA  Headquarters  decided  to  consolidate 
STDN  and  the  Deep  Space  Network  (DSN)  run  by  the  Jet 
Propulsion  Laboratory  (JPL).  JPL  had  been  developing  a 
Coherent  Reference  Generator  (CRS)  similar  to  the  FCS 
for  their  next  generation  timing  systems.  When  the 
consolidation  was  announced,  GSFC  and  JPL  worked  out  a 
combined  effort  to  produce  a  single  next  generation 
timing  system  for  the  combined  DSN-STDN  network.  It 
was  decided  that,  for  the  combined  system,  the  JPL  CRS 
and  the  GSFC  timing  system  would  be  used.  Therefore 
all  work  on  the  FCS  was  discontinued  and  only  the  Fre¬ 
quency  (Standard)  Selector  (FS)  alone  was  produced  for 
the  new  DSN-STDN  the  timing  systems. 

Frequency  (Standard)  Selector 

The  purpose  of  the  Frequency  Standard  Selector  (FS) 
Is  to  provide  a  user  with  a  triply  redundant  source  of  5 
MHz  and  10  MHz  derived  from  3  independent  5  MHz  fre¬ 
quency  standards  designated  the  primary,  secondary  and 
tertiary  frequency  standards.  Unlike  the  FCS,  the  FS 
will  not  combine  the  multiple  frequency  standard  Inputs 
into  a  single  output  and  will  not  keep  the  output  on 
frequency  with  respect  to  UTC.  A  block  diagram  of  the 
FS  Is  shown  In  Figure  10.  Both  the  primary  and  second¬ 
ary  frequency  standard  channels  each  have  an  Internal 
RF  detector  and  2  user  tailorable  fault  monitors.  When 
an  RF  failure  or  a  fault  condition  on  either  of  the 
fault  monitor  lines  occurs  for  the  primary  standard, 
the  FS  switches  all  outputs  to  the  secondary  standard. 
If  the  secondary  standard  then  has  an  RF  failure  or 
causes  a  fault  condition  on  either  of  the  2  secondary 
fault  monitors,  the  FS  will  switch  all  outputs  to  the 
tertiary  standard.  All  fault  sensing  Is  latched  so  any 
change  initiated  on  a  fault  will  not  be  restored  until 
the  latches  are  reset  by  push  button  or  remote  TTL 
command.  To  minimize  the  time  error  occurring  from 
switch-over,  LC  filters  are  used  to  hold  up  the  ampli¬ 
tude  of  the  5  MHz  signals  until  logic  circuits  and  RF 
detectors  can  react.  A  relatively  abrupt  change  of  up 
to  £L00  ns  will  occur  In  the  output  signals  at  switch¬ 
over,  however,  because  of  the  differing  phases  of  the  5 
MHz  signals  from  the  3  frequency  standards.  The  fault 
monitors  can  be  tailored  by  the  user  via  DIP  kluge 
plugs  to  sense,  as  fault  conditions,  either  a  positive 
or  negative  change  In  a  voltage  (>2V),  a  resistance 
(also  used  for  contact  closure),  or  a  logic  level. 

The  Frequency  Standard  Selector  achieves  redundan¬ 
cy  by  complete  triplication  of  all  circuitry.  After  a 
matrix  of  passive  power  splitters  to  create  9  Isolated 
RF  sources  from  the  3  RF  Inputs,  all  circuitry  In  each 
of  the  3  sections  Is  completely  Independent.  The  unit 
Is  designed  to  be  completely  protected  against  all  sin¬ 
gle  point  failures  and  to  allow  repair  of  any  modular 
unit  without  Interrupting  power.  To  aid  In  fault  diag¬ 
nosis,  each  section  also  monitors  the  voltages  coming 
from  the  power  supplies  of  the  other  two  sections.  For 
convenience,  the  user  can  Interchange  frequency  stan¬ 
dards  1  or  2  as  the  primary  and  secondary  standards 
from  the  front  logic  panel.  One  can  also  select  an 
alternate  switch-over  sequence  from  the  primary 
directly  to  the  tertiary  standard. 


All  control  switches  and  LEO  status  Monitors  in  the 
FS  are  connected  to  remote  TTL  connectors  so  a  remote 
computer  can  both  Monitor  the  performance  and  remotely 
control  the  FS.  This  was  done  both  to  allow  the  com¬ 
bined  DSN-STON  network  to  operate  In  a  computer  con¬ 
trolled  environment  and  to  allow  the  FS  to  be  turned 
into  the  FCS  by  adding  appropriate  nodules. 

Some  pictures  of  the  FS  are  shown  in  Figures  11, 
12,  and  13.  Figure  11  shows  a  front  view  of  the  FS 
showing  the  triple  power  supply  and  a  dignostic  monitor 
panel.  Figures  12  and  13  show  the  triply  redundant 
digital  and  RF  sections  respectively. 

CONCLUSIONS 

Even  though  sudden  frequency  jumps  In  the  VXCO 
caused  occasional  0.5  ns  spikes  to  appear  In  the  DXCO 
output  when  a  100  second  time  constant  was  used,  the 
FCS  concept  basically  proved  successful;  even  under 
the  severe  stress  caused  by  these  VXCO  jumps  the  digi¬ 
tal  phase  lock  loop  did  not  break  lock  or  jump  cycles. 
With  some  further  work  to  reduce  the  vibration  environ¬ 
ment  of  the  VXCO  and  to  find  a  more  smoothly  behaving 
VXCO,  It  Is  felt  that  these  occasional  spikes  could  be 
eliminated.  The  FCS  concept  also  goes  beyond  the  the 
specific  hardware  used.  It  Is  felt  that  the  digital 
loop  described  here  can  be  successfully  Implemented 
with  IEEE  488  standard  test  equipment  and  a  calculator 
If  the  calculator  has  sufficient  speed  to  Implement  the 
loop  within  the  time  constraints  Imposed  by  the  beat 
period  and  the  loop  time  constant. 

For  long  term  time  keeping  purposes,  the  loop  can 
be  Implemented  utilizing  a  phase  microstepper  rather 
than  a  OXCO  (as  in  the  U.  S.  Naval  Observatory  master 
clock  system).  In  this  configuration  the  output  would 
be  derived  directly  from  a  single  Input,  but  the  rell- 
abllty  problems  caused  by  this  could  be  eliminated  by 
using  the  Frequency  Standard  Selector  to  switch  Inputs 
In  case  of  master  standard  failure. 
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Figure  3 


The  CAMAC  Crate  Containing  the  LSI-11,  the  18  Bit  Digital 
to  Analog  Converter,  and  the  Multichannel  Event  Clock 
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The  8  Channel  Phase  cmperator 
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Figure  4 


Figure  5  Phase  Comparator  Frequency  Measurement  Resolution 


DUAL  MIXER  HETERODYNE  TECHNIQUE 
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Figure  6 


A  Simplified  Schematic  Diagram  of  the  Multiple  Mixer  Phase 
Comparison  System 
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Figure  7  The  Performance  of  the  Phase  Lock  Loop  for  a  1  Second  Time 

Constant 


Figure  8  The  Performance  of  the  Phase  Lock  Loop  for  a  10  Second 
Time  Constant 


Figure  9  The  Performance  of  the  Phase  Lock  Loop  for  a  100  Second 
Time  Constant 
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Figure  10  Frequency  Standard  Selector  Block  Oiagrwi 
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Summary 

Is  well  known  that  In  a  cultured  quartz 
bar  we  can  observe,  around  the  seed,  several  growth 
zones  which  are  indicated  by  Z,  +X,  -X...  These  zones 
have  been  described  either  by  X-ray  topography  or  by 
y-ray  irradiation. 

By  infrared  spectroscopy  we  find  that  we  can 
distinguish  between  these  zones.  Since  their  infrared 
spectra  are  different  according  to  the  trapped  impu- 
ritfes  it  is  easy  to  identify  each  growth  zone  from 
its  spectrum. 

Sometimes,  among  our  irradiated  blanks,  we 
note  that  we  can  see,  inside  the  normally  -X  zone, 
the  +X  zone's  characteristic  blackening.  The  IR 
spectra  confirme  the  irregular  presence  of  the  two 
zones. 

Taking  in  account  the  crystal  symmetry  we  can 
explain  these  observations.  There  is  a  new  supplemen¬ 
tary  two  fold  axis.  This  axis  commands  the  electrical 
twinning.  According  to  the  IEEE  convention  this  kind 
of  twinning  only  changes  the  resonator's  B-  andj^~  ; 
angle  sign.  ~V'--  I 

With  the  X-ray  diffraction  method  developped 
in  Besangon,  we  know  how  to  determine  these *8  and  6 
angles  with  their  sign.  Our  measurements  of  these 
abnormal  zones  show  that  the  electrical  twinning  law 
and  not  the  combined  law  may  be  present  in  all  clas¬ 
sical  cuts  used  for  piezoelectri cal  purpose.  Such  a 
result  can  be  obtained  because  we  are  able  to  measure 
simultaneously  with  our  goniometer  the  orientation 
of  two  associated  crystals. 


Introduction 

It  seems  to  be  accepted  that  in  cultured  quartz 
we  cannot  find  an  accident  such  as  a  twin  crystal. 

Indeed  when  we  manufacture  quartz  we  place  in  the 
pressure  vessel  only  controled  seeds  of  quartz  free 
from  twinning.  During  the  growing  process  it  is  assu¬ 
med  that  the  deposited  new  quartz  crystal  presents  the 
same  structure  that  the  seed  does  :  i.e.  the  same 
handedness  and  the  same  electrical  axis  orientation. 

So  we  are  confident  of  the  quality  of  the  cultured 
quartz  when  we  cut  a  blank.  However  we  sometimes  find 
troubles  with  some  resonators  showing  unexpected 
frequency  features.  Then  if  we  take  out  the  quartz 
from  the  resonator  and  make  a  new  X-ray  measurement 
of  its  orientation  we  will  find,  using  a  classical 
procedure,  that  the  orientation  is  a  good  one  or  one 
with  some  small  variations  which  cannot  explain  the 
observed  anomalous  motion  of  the  resonator.  So  we  must 
focus  our  attention  on  the  quartt  Itself  and  characte¬ 
rize  the  quality  of  the  quartz  by  others  methods. 

Using  gamma-irradiation  and  Infrared  spectroscopy  we 
have  found  the  key  to  this  problem  and  now  we  are 
able  to  explain  this  discrepancy  between  the 
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apparently  correct  X-ray  orientation  and  the  bad  pro¬ 
perties  of  the  resonator.  We  are  able  to  detect  this 
defect  before  the  blank  is  transformed  into  a  resona¬ 
tor. 


IR  observation  of  the  growth  zones 

A  cultured  quartz  is  obtained  by  deposition,  in 
a  high  pressure  solution,  on  a  seed  having  a  Z-cut  or 
nearly  2-cut  orientation. 

During  the  growth  the  speed  of  the  deposition  is 
slightly  anisotropic.  The  highest  speed  is  observed 
in  both  Z  directions  and  the  lowest  in  the  -X  direc¬ 
tion.  So  we  may  describe  the  bulk  crystal  as  a  juxta¬ 
position  of  several  crystals  grown  nearly  independen¬ 
tly  around  the  seed,  this  difference  comes  from  their 
direction  of  growth.  Each  of  them  is  called  the  Z  or 
±  X  growth  zone.  These  zones  had  been  observed  by 
X-ray  topography1'2,  but  you  may  see  them  directly 
on  the  quartz1  itself  if  you  irradiate  a  V-cut  with 
gamma-rays.  A  blackening  appears  more  or  less  intense 
according  to  the  growth  zone  (figure  1). 


F-tgute  I  :  y-cu*  o$  cultuAtd  quaxtz  ban. 
a&ten  gamea-innadUation. 


The  color  is  unchanged  for  both  Z -zones,  but  the 
ex  is  darker  than  tha  -X  one.  Between  the  +X  and  the 
two  Z-zones  we  observe  zones  called  S-zones  ;  they 
are  divided  into  two  subsones  S„  and  S^.  The  growth 
zones  differ  also  according  to  their  physico-chemical 
properties  and  their  blackening  it  linked  to  the 
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electronical  changes  in  their  trapped  impurities. 
Knowing  their  exact  position  we  are  now  able  to  re¬ 
cord  their  infrared  spectra,  with  the  help  of  a 
mask.4  we  observe  either  an  adjacent  slide  of  the  ir¬ 
radiated  Y-cut  blank  or  the  same  slide  after  having 
heated  it.  The  initial  electronical  level  of  the  crys¬ 
tal  impurities  is  then  restored.  Both  methods  give 
the  same  results.  All  spectra  are  obtained  on  a  5808 
Perkin  Elmer  infrared  spectrometer,  at  the  nitrogen 
temperature,  between  3800  and  3100  cm~1. 

In  figure  2  we  have  the  infrared  spectra  of 
the  six  zones.  The  quartz  presented  here  is  of 
medium  quality,  the  IR  measured  9  is  about  1.2  10^. 
Each  growth  zone  is  identified  by  a  black  mark  in  a 
small  cartouche.  The  two  Z-zones  are  alike  with  re¬ 
gard  to  the  two  fold  axis  of  the  quartz.  This  axis 
lies  on  the  surface  of  the  observed  Y-cut. 


figuAi  2  a-b-c-d  t  I nincuied  tpectna  at 
Mifiogen  tcmpeAaXuAi 

a-b  i  2  growth  zone, 
c-d  !  X  g/wwth  zone 


Figiute  2  e-f  :  InfnaAed  ipeoOia  out 
Mit/iogen  tempeAatuJie 

e-6  :  S  g/iouith  zone 


We  recognize  SiO  absorption  bands  at  3200  and 
3500  em-1  and  the  four  OH  "S"  bands.5'6  The  +X-zone, 
is  quite  similar  to  the  Z-zones.  The  OH -bands  are 
slightly  stronger.  In  the  -X-zone,  details  of  the 
spectrum  are  hidden  inside  in  a  very  large  band.  This 
wide  band  is  particular  to  this  zone.  With  the  last 
two  S-zones  the  spectra  are  quite  similar  to  those 
observed  with  the  +X-zone  :  alcaline  impurities  are 
stronger. 


Observation  of  an  external  defect 


Once  on  the-X-surface  of  a  cultured  quartz,  the 
nearly  flat  one,  we  have  observed  small  hillock  as 
shown  figure  3. 


Y 


figure  3  •.  Hittock 
on  the  -K-iuA&ace 
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After  Irradiation  of  a  Y-cut  including  this 
defect  we  have  observed  an  anomalous  blackaning  in 
the  -X-growth-zone,  naar  the  hillock.  The  infrared 
spectra  figure  4  a-b-c,  confirm  that  in  the  -X-zone 
ua  have  a  snail  area  of  a  -tx-zone,  figure  4.b  ;  both 
SiO  absorption  bands  are  seen  again  figure  4.e. 


Figure  4  -  V-cut  out  N.U*ogen  tempenwtuAe 


ol  :  *X  growth  zone, 
b  :  -X  gKouith  zone 
c  :  new i  the  kittock 


are  more  different  elements  of  symmetry  able  to  tum 
over  the  crystal  in  its  lattice.  So  if  we  partition 
the  symetry  elements  of  the  lattice  not  present  in 
the  crystal,  we  have,  according  to  their  effects  on 
the  turn  over,  three  sets  of  eleaents. 

A,,  3A"-  :  they  are  associated  with  a  proper  rotation 
of  the  reference  axis,  they  induce  the 
electrical  twinning  law 

H,  3M"  :  they  are  associated  with  an  improper  rota¬ 

tion  changing  only  the  handedness  of  the 
crystal,  they  induce  the  optical  twinning 
law 

C,  3H'  :  they  are  associated  with  a  change  on  both 

the  handedness  and  the  direction  of  the 
reference  axis,  they  induce  the  compound 
twinning  law. 


X-ray  observation  of  a  twinned  quartz 


In  the  "quartz  lattice"  any  direction  [hkl]  is 
repeated  24  times  by  the  symmetry  elements.  In  the 
"quartz  crystal"  they  are  repeated  only  6  times.  So 
there  are  only  6  equivalent  planes  having  the  same 
X-ray  reflective  power  among  the  24.  We  have  four  sets 
of  six  planes  each.  Three  of  these  sets  are  obtained 
from  the  fourth  by  one  of  the  three  twinning  laws. 

The  principle  of  the  search  for  twins  is  based  on  the 
observation  of  the  reflective  power  of  planes  of  the 
differents  sets.  The  discrepancy,  if  any,  between 
theory  and  observation  determines  the  type  of  twin¬ 
ning  Law.  But  there  is  a  supplementary  phenomenon 
called  "anomalous  scattering".  In  a  non  centrosym- 
metrieal  crystal,  such  as  quartz,  reflective  power 
for  two  planes  connected  by  the  center  of  the  lattice 
are  nearly  the  same.  On  a  piezogoniometer  it  is  not 
easy  to  differenciate  the  variation  induced  by  the 
anomalous  scattering.  In  a  first  approximation  we  can 
say  that  X-rays  add  a  symmetry  center  to  the  quartz 
when  observed  on  a  piezogoniometer.  If  the  goniometric 
observation  adds  a  center,  it  hides  the  effect  of  the 
center  involving  the  compound  twinning  law.  In  the 
same  way,  during  such  a  measurement  optical  and  elec¬ 
trical  twinning  law  are  combined. 

Instead  of  4  sets  we  can  only  see  2  sets  of 
12  planes  each.  In  the  first  one  there  are  planes 
coming  from  the  untwinned  crystal  and  from  the  twin¬ 
ned  part  by  the  compound  law.  In  the  second  one,  if 
any,  there  are  those  coming  from  the  electrical  or 
optical  law. 


The  explanation  is  that  we  have  an  accidental 
twinning  in  the  crystal.  We  do  not  yet  know  if  this 
phenomenon  obeys  the  electrical  or  the  compound 
twinning  law. 


Quartz  twinning 

The  quartz  symmetry  is  32  (A3,  3A2>,  the  fourth 

A6  3A'Z  3A"2 

part  of  its  lattice  symmetry  S/m  m  (jp  Jfr- 3p**“  C). 

Then  there  ere  several  ways  to  place  the  crystal  in 
its  lattice.  What  we  are  saying  may  be  simply  illus¬ 
trated  with  a  very  common  example.  If  we  take  matches 
in  their  box,  there  are  two  ways  to  place  them.  The 
phorphorous  head  may  be  placed  at  one  end  or  at  the 
other  end.  These  two  possibilities  come  from  the 
elements  of  symmetry  match-box  lacking  matches.  With 
quartz  the  situation  is  more  complicated  because  there 


Experiments  and  X-ray  diffraction  apparatus 

Once  the  orientation  of  the  blank  is  measured 
on  the  piezogoniometer,  we  can  calculate  the  angular 
positions  required  for  the  observation  of  planes 
coming  from  the  two  sets.  These  planes  are  selected 
between  those  having  a  large  variation  in  the  reflec¬ 
tive  power  when  we  change  sets.  The  most  useful  planes 
come  from  the  (052)  and  (124)  famillies  because  we 
can  use  them  with  nearly  all  the  classical  cuts. 

During  the  observation  of  a  plane  the  crystal  is 
translated,  not  rotated,  on  the  reference  metallic 
plane  of  the  piezogoniometer.  We  know  we  are  observing 
the  tame  lattice  plane  because  there  ere  no  rotation 
movement  on  the  epparatus.  All  we  have  to  do  is  record 
the  veriation  of  the  intensity  of  the  reflected  beam. 
The  piezogoniometer  we  use  in  this  work  allows  us  to 
determine  the  orientation  of  any  blank.  Because  we 
are  able  to  observe  any  lattice  plane,  we  just  have  to 
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adjust  the  Bragg  angle  for  the  X-ray  detector  and 
search  the  reflected  beat;  in  combining  two  rotation 
movements.7 From  the  angular  positions  read  on  the 
gonioaeter  we  can  calculate  the  value  of  the  8  and  $ 
angles,  with  their  sign  if  we  know  the  quart*  hande¬ 
dness.*  The  only  special  device  needed  for  the  twin¬ 
ning  research  is  a  translation  notion  on  the  saaple 
holder. 


Discussion  and  conclusion 

X-ray  goniometry  and  infrared  spectrometry  are 
two  complementary  methods  for  twinned  quartz  crystal 
observation.  With  the  firstone,  we  see  the  orienta¬ 
tion  error  of  the  crystal  in  its  lattice.  It  can 
work  only  if  the  twinned  crystal  appears  on  the  sur¬ 
face  blank,  with  the  second  one,  we  see  ponctual  de¬ 
fects  in  the  volume  of  the  sample.  It  can  work  only  in 
the  X-zones  because  they  have  very  different  trapped 
impurities.  Infrared  spectra  can  be  obtained  at  room 
temperature  as  shown  in  figure  5  for  a  doubly  rotated 
cut  of  a  cultured  q uartz.  In  figure  5. a  we  have  an 
actual  *X  growth  zone.  In  figure  5.b  an  actual  -X 
growth  zone.  In  figure  S.c,  instead  of  the  -X  expected 
spectrum,  we  have  the  two  SiO  bands  of  the  +X  growth 
zone.  The  spectra  are  less  accurate  than  those  obtai¬ 
ned  at  the  Nitrogen  temperature,  but  the  discrepancy 
between  the  two  X-zones  is  still  noticeable. 


Tiguee  5  i  doubly  to  toted  cut  at  Koom  tempenatutie 

a  i  *X  gxouth  zone, 
b  i  -X  yiouth  zone 
c  !  Twinned  ama 


The  detection  of  twinning  in  quartz  crystal  is 
a  very  important  problem,  because  twinning  changes 
the  crystal  orientation.  For  instance,  with  the 
electrical  twinning  law  we  have  the  (-8,  -$)  orienta¬ 
tion  instead  of  the  (6,  $)  expected  angles  (IEEE  Con¬ 
ventions).  The  twinned  cultured  quartz  crystal  we' 
have  shown  may  give  soon  a  lot  of  troubles  when  making 
a  resonator. 

It  seems  that  the  defects  observed  by  infrared 
spectroscopy  arenot  linked  to  the  seed  ;  we  may  call 
it  an  accidental  twinning.  Such  a  defect  has  no 
importance  for  a  resonator  because  we  do  not  use  the 
-X  growth  zone.  But  if  we  use  such  a  crystal  as  a 
seed  we  will  induce  twinned  area  in  a  new  nuertz 
crystal.  Such  a  mechanism  may  be  described  in  the 
figure  6.  There  is  a  irradiated  Y-cut.  We  can  reco¬ 
gnize  the  growth  zones  in  the  crystal  and  in  the  seed. 


Figure  6  :  The  teed  o i  thit  cAyital  it  cut 
in  both  X  and  2  gnouxth- zonet . 


If  the  seed  possesses  a  twinned  area,  the  new 
crystal  will  grow  twinned  even  in  the  Z-zones.  Such 
a  mechanism  if  not  eradicated  may  sjloil  all  a  cultured 
quartz  production. 
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Abstract 


The  tensile  fracture  strengths  of  a  total 
of  83  ST  cut,  single  crystal,  quartz  discs 
were  measured  under  a  variety  of  experimental 
conditions.  The  major  emphasis  of  this 
study  was  to  compare  the  fracture  strength  of 
four  different  types  of  quartz  including 
natural,  and  three  synthetic  grades  (optical, 
premium  Q  and  electronic).  Since  fracture 
strength  often  depends  on  surface  finish, 
two  different  polishing  techniques  were  also 
assessed.  One  technique  used  a  Syton  polish 
starting  from  a  rough  ground  surface  while 
the  second  technique  involved  a  fine  mech¬ 
anical  polish  followed  by  a  short  Syton 
polish.  A  biaxial  flexure  test  was  used  for 
measuring  the  tensile  fracture  strength  on 
the  discs  which  were  1  inch  in  diameter  and 
nominally  0.1  inch  thick. 

The  average  fracture  strength  of 
polished  samples  was  21,400  psi  with  a  stan¬ 
dard  deviation  of  t  6,000  psi.  There  was 
very  little  difference  in  fracture  strength 
for  the  four  types  of  quartz  and  the  two 
different  polishing  techniques.  The  differ¬ 
ences  between  the  average  fracture  strength 
for  each  category  fell  well  within  the  stan¬ 
dard  deviation.  Five  unpolished  discs  were 
also  tested  and  the  average  fracture  strength 
was  found  to  be  8,900  ±  800  psi.  Clearly, 
polishing  the  surface  serves  to  increase  the 
fracture  strength  by  better  than  a  factor  of 
two. 

Two  particular  techniques  for  altering 
the  surface  quality  were  also  investigated. 

It  has  been  reported  that  chemical  etching 
of  very  thin  quartz  discs  can  significantly 
increase  the  fracture  strength.  To  test  the 
effect  of  chemical  etching  on  thick  discs, 
ten  chemically  etched  samples  were  also 
broken.  The  average  fracture  strength  was 
significantly  lower  than  for  polished  discs, 
but  many  of  the  etched  samples  showed  numer¬ 
ous  etch  pits  or  channels.  Some  the  samples 
had  few  or  no  etch  pits  or  channels  and 
these  showed  a  fracture  strength  comparable 
to  the  polished  samples.  Another  seven 
samples  had  1600  shallow  grooves  (~  1000  X 
deep)  ion  milled  into  a  polished  surface. 

These  samples  showed  no  significant  change  in 
average  fracture  strength.  In  addition  to 
the  parameters  mentioned  above,  other  factors 
such  as  relative  humidity,  q  (from  infrared 
measurements),  and  sample  thickness  also  were 
found  to  have  no  correlation  with  fracture 
strength. 

Introduction 

— >  This  paper  discusses  research  made  on 
the  basic  tensile  fracture  strength  of  quartz. 

It  has  been  over  10  years  since  a  value  for^j 

CH 1867-0/83/0000  01 18  $1.00©  1903  IEEE  116 


the  fracture  strength  of  quartz  (~  14,000  psi) 
was  published1  and  this  number  should  be  re¬ 
evaluated  in  light  of  the  progress  made  in 
the  technology  of  growing  and  polishing 
quartz.  The  major  emphasis  in  this  study  was 
to  compare  the  fracture  strength  of  discs 
made  out  of  four  different  types  of  quartz. 
These  were  natural  quartz  and  three  synthetic 
grades  (optical,  premium  Q,  and  electronic). 
Since  fracture  strength  often  depends  on  sur¬ 
face  finish,  two  different  sample  polishing 
techniques  were  used.  The  electro-mechanical 
Q  of  many  of  the  quartz  discs  was  also  meas¬ 
ured  using  infrared  absorption  techniques. 

The  test  method  used  tpz  fracturing  was  the 
biaxial  flexure  test. ^Results  from  these 
fracture  tests  will  be  presented  as  well  as 
results  which  show  the  effects,  on  the  frac¬ 
ture  strength  of  quartz,  of  chemical  etching 
and  ion  beam  etched  grooves  about  1000  A  deep. 

Sample  Preparation 

Eighty-three  ST  cut,  Z-zone,  1-inch 
diameter  and  0.1  inch-thick  (after  polishing) 
quartz  discs  were  purchased.  Both  natural 
and  synthetically  grown  quartz  were  supplied, 
including  the  three  synthetic  grades  of 
optical,  premium  Q,  and  electronic.  The 
fracture  strength  of  a  material  depends  upon 
the  quality  of  the  surface  finish,  where  sur¬ 
face  flaws  such  as  scratches  can  concentrate 
the  applied  stress  and  thereby  lead  to  frac¬ 
ture.  Complete  removal  of  flaws  from  the 
surface  permits  the  strength  to  approach  the 
theoretical  maximum  for  the  particular  mate¬ 
rial.  For  comparison  purposes,  two  different 
sample  preparation  and  polishing  techniques 
were  followed. 

The  first  polishing  technique  (referred 
to  as  Polish  A)  was  simple,  going  directly 
from  a  220-diamond  saw  blade  cut  finish  to 
Syton  polishing  for  a  half  hour  on  each  sur¬ 
face.  Syton  is  a  chemical-mechanical  polish 
consisting  of  a  colloidal  suspension  of  Si02 
in  NaOH.  The  second  polishing  technique 
(referred  to  as  Polish  B)  was  more  complex. 
Starting  with  a  similar  220-diamond  saw 
finish,  each  surface  was  ground  down  using 
successively  finer  grit  sizes  of  35,  12,  9, 

5,  and  3  microns  of  alumina  oxide.  Next  a 
two-step  polishing  sequence  was  employed, 
first  using  cerium  oxide  and  then  finishing 
with  Syton.  The  duration  of  the  cerium 
oxide  and  Syton  polishes  varied,  depending 
upon  the  grade  of  quarts,  from  2  to  5  hours 
for  cerium  oxide  and  1/2  to  2  hours  for 
Syton.  Both  Polish  A  and  Polish  B  samples 
had  slightly  bevelled  edges.  For  both  types 
of  samples,  the  mechanical  wheels  used  were 
randomly  varied  among  the  different  types  of 
quartz  in  order  to  avoid  any  systematic 
errors  resulting  from  usage  of  a  particular 
wheel  on  a  particular  ty£e  of  quarts. 


Infrared  Absorption  Characterization 

The  literature  shows  that  there  is  an 
inverse  correlation  between  dislocation  den¬ 
sity  and  electromechanical  0  of  quartz. 

High  0  crystals  tend  to  have  fewer  impurities 
than  low  0  crystals.  There  is  also  a  direct 
correlation  between  0  «nd  infrared  absorption 
Hence,  infrared  measurements  were  a  conven¬ 
ient  method  for  determining  the  0  and,  there¬ 
fore,  the  material  quality  of  the  quartz 
discs.  All  of  the  synthetic  quartz  ordered 
originated  from  Sawyer  Inc.,  with  a  quoted 
minimum  0  of  1.3  x  10®,  1.8  x  10®,  2.2  x  10® 
for  optical,  electronic,  and  Premium  0  grade, 
respectively. 

A  Perkin-Elmer  580  B  Infrared  Spectro¬ 
photometer  was  used  with  a  selected  resolu¬ 
tion  of  1.4  cm~l  and  the  plotted  wavenumber 
spectrum  from  4000  to  2000  cm~3.  Examples 
of  plotted  infrared  spectrum  measurements  of 


(a)  Natural  quartz 


(b)  Natural  quartz  (note  that 
this  spectrum  is  quite 
different  from  above) 

Figure  1.  Infrared  transmission  spectra  for 
two  samples  of  natural  quartz  and 
one  of  synthetic  quartz:  Note 
that  sample-to-sample  variation 
in  natural  quartz  can  be  quite 
large,  whereas  all  synthetic 
samples  of  a  given  quartz  grade 
were  quite  similar. 


natural  and  synthetic  quartz  are  shown  in 
Fig.  1.  With  natural  quartz,  great  differ¬ 
ences  were  seen  in  the  level  of  absorption 
at  a  given  band.  This  indicates  that  the 
impurity  content  is  distinctly  variable  from 
sample  to  sample.  This  is  not  surprising 
considering  the  different  origins,  growth 
conditions,  and  environmental  factors  forming 
each  natural  quartz  stone  out  of  which  one  to 
two  quartz  discs  were  cut.  Because  of  the 
large  variations,  infrared  spectrum  measure¬ 
ments  were  made  on  each  natural  quartz  disc. 
For  synthetic  quartz,  little  variation  was 
seen  in  the  infrared  spectrum  from  disc  to 
disc  within  a  particular  grade,  hence  only  a 
sampling  of  the  disc  were  measured. 

The  equation  used  for  converting  infra¬ 
red  transmission  levels  into  0  was  obtained 
from  a  paper  by  philips  Research  Labs.2  The 
basic  equations  used  are  as  follows: 


“3500  =  “3500  +  °'25 

Where 

°3500  “  Extinction  coefficient  at 
wavenumber  3500  cro-* 

“3500  “  Extinction  coefficient 

with  the  correction  factor 
shown  above. 

t  »  Thickness  of  sample  in 
centimeters. 

Tw  -  Fraction  of  incident  light 
of  wavenumber  v  transmitted 
by  sample 

0  “  1*35  *  i0®/°3500 

Two  other  calculation  methods  for  0  were 
assessed  where  one  used  a  3410  cm"1  line2  and 
the  other  used  a  different  equation.2  They 
all  resulted  in  somewhat  different  values  of 
0  for  a  sample.  However,  the  equation  above 
generally  gave  a  0  between  the  high  and  low 
values. 
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For  natural  quartz,  the  Q  varied  from 
0.3  to  4  x  10®.  Most  values  fell  into  the 
range  from  0.7  to  1.1  x  10®.  Synthetic  sam¬ 
ples  nearly  always  satisfied  the  minimum  0 
quoted.  A  major  limitation  on  the  accuracy 
of  the  infrared  measurements  and  hence  the 
calculated  0  was  the  thickness  of  the  quartz 
discs.  The  literature^  recommends  at  least 
7-mm  thick  samples  to  provide  sufficient 
infrared  absorption  for  high  0  material.  Al¬ 
though  our  disc  were  only  2.54  mm  thick,  the 
low  0  of  most  of  the  natural  quartz  samples 
provided  high  enough  absorption  that  accurate 
measurements  could  be  made.  For  the  higher  Q 
material,  which  included  a  small  fraction  of 
the  natural  and  all  of  the  synthetic  quartz, 
two  or  three  discs  were  stacked  together  to 
provide  improved  accuracy. 

Biaxial  Flexure  Test  and  Experimental 
Conditions 


Though  there  are  a  number  of  techniques 
for  measuring  tensile  fracture  strength,  the 
biaxial  flexure  test*  was  chosen,  since  this 
technique  has  been  used  for  years  at  Raytheon 
to  measure  the  strength  of  optical  and  ceramic 
materials  and  also  a  large  number  of  samples 
can  be  easily  handled  with  this  method.  In 
this  test,  a  1-inch  circular  sample  is  sup¬ 
ported  below  by  a  somewhat  larger  ring  and 
is  loaded  above  by  a  ball  (5/8  inch  diameter) 
with  a  machined  flat  surface  (1/2  inch  diam¬ 
eter).  For  an  isotropic  material,  this  cre¬ 
ates  a  large  area  of  uniform  tensile  stress 
directly  under  the  area  loaded  by  the  ball.5 
The  bottom  surface  of  the  specimen  is  under 
tension.  Once  loading  and  specimen  deforma¬ 
tion  begins,  the  upper  loading  occurs  along 
a  ring  having  the  diameter  of  the  flat  region 
of  the  ball;  hence,  edge  preparation  is  not 
of  major  importance,  so  that  sample  prepara¬ 
tion  is  relatively  easy.  Figure  2  shows  the 
load  fixture  and  Fig.  3  shows  the  Instron 
universal  testing  instrument  on  which  the 
tests  were  conducted. 

The  fracture  strength  of  the  quartz 
discs  was  determined  by  loading  the  samples 
until  fracture  occured.  The  load  force  at 
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Figure  2.  Load  fixture  for  biaxial  flexure 
test. 
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Figure  3.  Instron  universal  testing  instru¬ 
ment  used  for  loading  the  quartz 
discs. 


fracture  was  recorded  and  this  was  used  to 
calculate5  the  tensile  stress  from  the 
equation  below. 
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Where 

T  =  Poisson's  ratio 
a  =  Radius  of  supporting  ring 
rc  »  Radius  of  flat  on  load  ball 
b  *  Radius  of  quartz  disc 
P  »  Load  force  (in  pounds) 
t  »  Sample  thickness  (in  inches) 


The  values  used  for  the  various  parameters 
are:  a  ■  0.420  inch,  rQ  »  0.25  inch,  b  » 

0.50  inch,  and  y  *  0.16.  The  value  used  for 
Poisson's  ratio  was  that  of  fused  quartz. 

This  obviously  is  not  the  correct  value  for 
single-crystal  quartz,  but  the  anisotropy  of 
crystalline  quartz  means  there  is  no  single 
value.  The  above  equation  for  tensile  stress 
is  not  strongly  dependent  on  y,  however,  so 
the  exact  choice  of  a  value  for  y  is  not 
critical.  A  25  percent  change  in  y  causes 
only  a  4  percent  change  in  or. 
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It  was  impossible  to  conduct  the  tests 
in  a  fully  controlled  environment,  but  temper¬ 
ature  and  humidity  were  recorded  during  each 
test  to  provide  for  evaluation  of  any  possible 
correlations  between  these  parameters  and  the 
observed  fracture  strengths.  The  tests  were 
conducted  at  room  temperature  which,  through 
the  course  of  the  tests,  showed  only  a  small 
peak-to-peak  variation  of  about  4°F.  The 
relative  humidity,  however,  ranged  from 
46  percent  to  72  percent  over  the  duration 
of  the  tests.  A  special  test  designed  to 
reduce  the  effect  of  humidity  on  tensile 
strength  was  performed  and  will  be  discussed 
in  the  next  section. 

During  the  course  of  the  fracture  tests 
on  the  first  two  samples,  it  was  necessary  to 
stop  the  application  of  increasing  load  in 
order  to  make  adjustments  in  the  recording 
equipment.  In  both  cases  the  samples  frac¬ 
tured  after  several  tens  of  seconds  at  a 
high  but  constant  load.  This  phenomenon  is 
known  as  delayed  fracture  and  results  from  a 
slow  crack  propagation  velocity.  Since  this 
introduced  a  time-dependent  variable  into 
the  fracture  strength,  great  care  was  taken 
to  ensure  that  all  subsequent  tests  were  made 
at  a  fixed  load  rate.  This  rate  was  1300  lb/ 
min  which  gave  a  typical  time  from  the  start 
of  the  test  to  fracture  in  the  range  of 
15  sec  to  45  sec. 

In  order  to  prevent  the  introduction  of 
another  variable,  all  of  the  samples  (with 
the  exception  of  some  with  strain  qauges) 
were  placed  on  the  support  ring  with  their  x 
axis  pointing  in  the  same  direction.  Also, 
since  very  high  load  forces  (350  to  1000  lb) 
were  required  to  fracture  the  discs,  some 
damage  to  the  support  ring  was  incurred  dur¬ 
ing  each  test.  To  prevent  this  from  becoming 
a  factor  in  the  fracture  strength,  the  sup¬ 
port  ring  was  dressed  after  every  seventh 
test.  No  significant  damage  was  incurred  on 
the  load  ball  throughout  the  tests. 

A  final  comment  on  the  experimental 
procedures:  one  assumption  of  the  biaxial 


stress  test  is  that  once  the  sample  bends 
under  the  load  force,  the  only  region  of  con¬ 
tact  between  the  flatted  load  ball  and  the 
sample  surface  is  at  the  outer  edge  of  the 
flatted  area,  since  quartz  is  a  very  hard 
and  brittle  material,  it  was  decided  to  test 
this  assumption  by  replacing  the  flatted 
area  with  a  ring  of  the  same  diameter  for  a 
few  tests.  Two  samples  were  broken  in  this 
manner  and  their  fracture  strengths  were 
completely  in  line  with  other  samples  frac¬ 
tured  in  the  normal  manner.  Therefore,  all 
remaining  discs  were  fractured  with  the 
flatted  load  ball. 

Fracture  Results  from  Main  Group 

The  main  group  of  samples  consisted  of 
50  discs  prepared  as  previously  discussed. 

Of  these  50  discs,  15  were  natural  quartz, 

14  optical  grade,  .4  premium  Q,  and  7  elec¬ 
tronic  grade.  Polish  B  was  used  on  22,  while 
the  remaining  28  had  Polish  A.  This  group  of 
50  samples  provides  the  main  body  of  data 
from  which  the  effect  of  grade  of  quartz  and 
type  of  polish  could  be  evaluated.  It  also 
provides  a  baseline  to  which  some  special 
cases  could  be  compared.  These  special  cases 
(involving  30  additional  discs)  will  be  dis¬ 
cussed  in  the  next  section. 

Table  1  shows  the  average  fracture 
strength  (in  psi)  and  standard  deviation  for 
each  of  the  seven  combinations  of  the  type  of 
quartz  and  the  polishing  technique  as  param¬ 
eters  that  were  tested.  No  electronic  grade 
samples  with  Polish  B  were  used.  The  far 
right  column  and  bottom  row  show  the  combined 
results  from  the  columns  to  the  left  or  the 
rows  above,  respectively.  During  the  frac¬ 
ture  tests,  the  samples  were  broken  in  groups 
of  seven  (one  sample  for  each  parameter)  so 
that  any  systematic  variable  could  be  mini¬ 
mized.  The  average  fracture  strength  for  the 
entire  popoulation  was  21,400  psi,  but  two 
other  characteristics  are  quite  noticeable. 
One  is  that  the  standard  deviation  is  quite 
large  (~  30  percent),  and  that  any  differ¬ 
ences  in  fracture  strength  among  the  seven 


TABLE  1 

FRACTURE  STRENGTH  OF  ST  CUT  QUARTZ  DISCS 


Polish  B  Polish  A  Polish  A  t  Polish  B 


Natural 

(8) 

21,600 

t 

7,600 

(7) 

20,900 

± 

5,200 

(15) 

21,400 

± 

6,300 

Optical 

(7) 

24,400 

t 

6,400 

(7) 

23,200 

t 

8,100 

(14) 

23,800 

t 

7,100 

Premium  Q 

(7) 

19,400 

t 

4,200 

(7) 

20,100 

t 

4,400 

(14) 

19,700 

t 

4,200 

Electronic 

— 

(7) 

20,400 

± 

6,100 

(7) 

20,400 

t 

6,100 

Total 

(22) 

21,800 

t 

6,300 

(28) 

21,100 

t 

5,900 

(50) 

21,400 

t 

6,000 

(N)  »  Number  of  samples.  All  values  in  psi. 

TOTAL  POPULATION  (N-50)  21,400  ±  6,000  psi 
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FRACTURE  STRENGTH  OF  NATURAL  QUARTZ  DISCS  VS.  Q 


FRACTURE  STRENGTH  OF  ST  CUT 
QUARfZ  DISCS  (TDIA.) 

TOTAL  POPULATION  N  =  50 

Avg.  =  21 , 400  t  6.000  p*i 

Max.  -  37.700  p»i 

Min.  =  13,  too  psi 
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Figure  5*  Distribution  of  fracture  strengths 
for  the  main  group  of  50  discs. 
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Figure  4.  Fracture  strength  of  natural  quartz 
discs  relative  to  their  measured  0 
values. 

parameters  are  small  compared  to  the  standard 
deviations.  Virtually  no  difference  existed 
between  Polish  A  and  Polish  B  samples.  More 
variation  among  the  types  of  quartz  was 
observed,  but  even  between  the  strongest 
(optical)  and  weakest  (Premium  0)  the  differ¬ 
ence  was  only  4,100  psi.  This  is  only 
slightly  more  than  2/3  of  the  average  stan¬ 
dard  deviations.  Also,  no  correlation  was 
observed  between  the  measured  Q  of  the  natu¬ 
ral  quartz  and  the  fracture  strength.  This 
is  shown  in  Fig.  4. 

In  view  of  the  large  standard  deviations, 
it  is  of  interest  to  investigate  the  distri¬ 
bution  of  fracture  strengths.  Figure  5  shows 
the  distribution  for  the  entire  population  of 
50  discs.  As  can  be  seen,  the  distribution 
is  not  symmetric  but  has  a  tail  which 
stretches  up  to  nearly  40,000  psi.  Yet,  the 
peak  of  the  distribution  lies  somewhere  be¬ 
tween  15,000  and  20,000  psi.  The  ratio  of 
the  strongest  to  weakest  sample  is  a  very 
large  2.85.  Figures  6  and  7  show  the  frac¬ 
ture  strength  distribution  for  the  Polish  B 
and  Polish  A  samples  separately.  Both  show 
the  same  general  shape  as  the  distribution 
for  the  entire  population.  In  these  figures, 
the  grade  of  quartz  for  each  data  point  has 
been  indicated  by  a  letter  (N  «  natural,  0  « 
optical,  etc.) 

In  addition  to  the  fracture  strength  of 
each  disc,  seven  of  the  first  samples  were 
broken  with  strain  gauges  on  them.  The 
strain  gauges  were  located  on  the  bottom  side 
of  the  discs  (the  side  under  tensile  stress). 
Pour  were  oriented  so  as  to  measure  the 
strain  along  the  x  axis,  while  the  other 
three  were  oriented  to  measure  the  strain 
along  the  direction  perpendicular  to  the  x 
axis.  The  strain  at  fracture  ranged  from 
1.2  x  10“3  to  1.6  x  10”3  for  seven  samples. 

In  the  x  direction  the  average  ratio  of 
stress  to  strain  was  17.9  t  1.0  x  107  psi. 
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Figure  6.  Distribution  of  fracture  strengths 
for  the  Polish  B  discs.  The  grade 
of  quartz  is  shown  for  each  sample; 
N  *=  natural,  O  «  optical,  P  * 
premium  0. 
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Figure  7.  Distribution  of  fracture  strengths 
for  the  Polish  A  discs.  The  grade 
of  quartz  is  shown  for  each  sample; 
N  »  natural,  0  ■  optical,  P  » 
premium  Q,  E  »  electronic. 
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In  the  direction  perpendicular  to  the  x  axis, 
the  ratio  was  17.5  i  0.9  x  107  psi. 

Some  observations  made  during  the  course 
of  the  tests  led  to  minor  changes  in  test  con¬ 
ditions.  One  observation  was  that  the  average 
fracture  strength  of  the  7  discs  with  strain 
gauges  was  25,000  psi  while  the  next  14  discs, 
without  strain  gauges,  averaged  21,000  psi. 
This  led  to  some  concern  that  the  strain 
gauges  effected  the  fracture  strength.  To 
check  this,  the  next  7  discs  were  broken  with 
a  piece  of  thin  plastic,  similar  to  a  strain 
gauge,  fastened  to  the  disc  in  the  same  manner 
as  a  strain  gauge.  The  average  strength  of 
these  7  discs,  however,  was  found  to  be 
21,400.  This  seemed  to  rule  out  the  strain 
gauges  as  a  cause  for  the  high  strength  of 
that  particular  group. 


Since  the  relative  humidity  was  increas¬ 
ing  through  the  course  of  the  fracture  tests, 
it  was  also  decided  to  evaluate  the  effect  of 
humidity  on  fracture  strength.  Therefore,  a 
special  test  was  arranged  for  the  final  14  of 
the  50  discs.  Seven  were  broken  as  usual, 
but  the  other  seven  were  baked  at  175°C  for 
4  hours  to  drive  off  absorbed  water.  While 
hot,  one  surface  was  coated  with  a  silicon 
grease  and  then  the  discs  were  stored  in  dry 
nitrogen  (at  room  temperature)  until  immed¬ 
iately  before  they  were  to  be  fractured.  The 
greased  side  was  placed  down  so  as  to  be 
under  tension.  Though  the  humidity  was  high 
during  these  tests,  both  groups  showed  above- 
average  strengths  and  little  difference  was 
observed  between  the  greased  and  ungreased 
samples.  Since  neither  the  dummy  strain 
gauges  or  the  silicone  grease  had  any  signif¬ 
icant  effect  on  fracture  strength,  these 
parameters  were  not  called  out  in  Table  1. 

In  hindsight,  it  appears  that  our  concerns 
about  systematic  affects  were  caused  by  sta¬ 
tistical  fluctuations  related  to  the  large 
standard  deviation. 


Figure  8.  Weibull  distribution  for  the  total 
population  of  50  samples  tested. 

Similarly: 


ln(-ln  Ps)  =  m  In  o  -m  In  oD. 


Note  that  In  (-lnPs)  is  a  linear  function  of 
In  o  where  m  is  the  slope  and  the  intercept 
is  (-m  In  o0 ) .  Figure  9  shows  a  plot  of 
ln(-lnPs)  vs.  In  o.  Different  Weibull  mod¬ 
ulus  can  indicate  that  more  than  one  fracture 
mechanism  is  occuring.  From  Fig.  9  more 
than  one  Weibull  modulus  is  apparent  and  can 
indicate  that  one  type  of  fracture  mechanism 
occurs  for  low  fracture  strength,  and  another 
fracture  mechanism  occurs  for  high  fracture 
strengths.  This  may  explain  the  large  stan¬ 
dard  deviation  that  was  observed. 
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The  statistical  theory  of  brittle  mate¬ 
rials  is  commonly  based  on  the  Weibull 
probability  distribution.  The  relationship 
between  probability  of  failure  (Pf)  and 
applied  stress  is: 


Pf  =  1-exp 


[-fen 


where  a  is  the  maximum  stress  at  fracture  and 
o0  and  m  are  material  constants.  The  Weibull 
modulus  is  represented  by  m.  Figure  8  shows 
a  plot  of  the  Weibull  distribution  for  our 
samples . 

The  estimation  of  the  Weibull  parameter  m 
is  made  by  using  the  maximum  likelihood  method 
in  In-ln  space.  The  Weibull  distribution  ex¬ 
pressed  in  terms  of  probability  of  survival  is: 


mi 


Taking  the  logarithm  of  both  side  yields: 


■(h) 
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Figure  9.  Ln-Ln  plot  of  -In  P-  vs.  a  where 
the  slope  is  the  Weibull  modulus. 
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As  a  final  step  in  evaluating  the  main 
group  of  discs,  seven  discs  were  reassembled 
in  order  to  study  the  fracture  patterns. 

When  broken,  the  quartz  shattered  and  the 
higher-strength  discs  disintegrated  into  far 
too  many  pieces  to  attempt  reconstruction. 
Therefore,  only  the  weaker  discs  could  be 
reassembled.  Figure  10  shows  the  fracture 
patterns  of  four  of  the  seven  samples  along 
with  the  corresponding  fracture  strengths  (in 
psi).  A  great  deal  of  similarity  is  seen  in 
the  patterns  among  the  four  samples.  All 
show  a  central  section  with  fracture  lines 
running  completely  around  it  and  usually 
through  it.  The  diameter  of  the  central  sec¬ 
tion  is  roughly  the  same  as  that  of  the  flat 
on  the  load  ball.  In  some  cases,  some  of  the 
fracture  lines  on  different  samples  appear  to 
be  the  same  crystallographic  planes.  Outside 
of  the  central  section  the  fracture  lines 
tend  to  run  radially,  giving  a  flower  petal 
appearance.  Generally  it  was  not  possible 
to  tell  where  the  fracturing  originated,  but 
in  one  sample  the  central  section  was  cracked 
but  still  intact.  Obviously,  for  this  case, 
the  fracturing  did  not  originate  in  the  cen¬ 
tral  section.  This  was  unexpected  since  that 
is  precisely  where  it  is  supposed  to  start  in 
a  biaxial  stress  test.  This  observation,  in 
combination  with  the  very  similar  fracture 
patterns  in  all  seven  of  the  reassembled 
samples,  has  led  to  the  possibility  that  the 
fracturing  of  all  of  the  samples  may  have 
started  near  the  edge  of  the  flat  on  the  ball 
or  perhaps  even  near  the  support  ring.  A 
possible  explanation  for  this  is  the  affect 
of  anisotropy  of  a  single  crystal.  The 
stress  analysis  for  the  biaxial  stress  test 
was  done  for  isotropic  materials,  such  as 
ceramics,  and  would  not  be  accurate  for  most 
single  crystal  materials.  A  complete  analy¬ 
sis  for  ST  cut  quartz  discs  was  beyond  the 
scope  of  this  program,  but  it  may  show  high 
tensile  stress  levels  on  the  bottom  surface, 
directly  under  the  edge  of  the  load  ball. 

This  further  increases  the  uncertainty  in  the 
calculated  values  of  the  fracture  stress. 
Therefore  it  would  be  best  to  assume  that 
these  values  are  a  lower  limit  and  the  frac- 
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Figure  10.  Fracture  patterns  for  four  quartz 
discs  along  with  their  measured 
fracture  strengths.  Each  disc  is 
oriented  such  that  its  x  axis  is 
parallel  to  the  Indicated  line. 


ture  stress  may  in  fact  be  higher.  The  pres¬ 
ent  questions  about  the  accuracy  of  the  cal¬ 
culated  stress  values  should  in  no  way  affect 
the  results  of  the  comparison  among  different 
grades  of  quartz  and  types  of  polish. 

Fracture  Results  from  Special  Groups 
Thin  Discs 

In  this  special  group,  eight  quartz 
discs  consisting  of  two  each  of  X  cut,  Y  cut, 
AT  cut  and  BT  cut  plates  were  used.  The 
discs  were  1.25  inch  in  diameter,  0.05  inch 
thick,  and  were  polished  on  one  side.  It  was 
determined  that  the  discs  were  at  least 
10  years  old,  but  the  source,  grade  of  quartz, 
and  type  of  polish  were  unknown.  The  average 
fracture  strength  of  the  eight  discs  was 
found  to  be  22,110  t  6160  psi,  which  is  very 
consistent  with  the  results  from  the  main 
group.  This  was  reassuring  since  these  discs 
were  considerably  different  in  both  geometery 
and  history  from  the  main  body  of  samples. 

The  two  X  cut  discs  had  the  highest 
average  strength  (~  26,700  psi)  of  the  four 
different  cuts,  but  a  population  of  only  two 
is  insufficient  to  draw  any  conclusion  about 
the  relative  strength  of  the  various  cuts. 

Unpolished  Discs 

In  order  to  compare  the  relative 
strengths  of  polished  and  unpolished  discs, 
five  unpolished  quartz  discs  were  broken. 

Of  the  five,  four  were  natural  quartz  with  a 
120-um  lapped  surface  finish,  and  the  average 
tensile  strength  among  the  four  was  9200  ± 

440  psi.  The  one  remaining  disc  was  an 
optical-grade  quartz  with  a  220-diamond  saw 
blade  finish  which  broke  at  7,600  psi.  By 
comparison,  the  average  tensile  strength  of 
polished  discs  was  21,400  t  6000  psi.  These 
experiments  indicate,  not  surprisingly,  that 
unpolished  quartz  is  substantially  weaker 
(by  a  factor  of  two  to  three)  than  polished 
quartz,  and  therefore  that  polishing  is  an 
important  part  of  maximizing  the  strength  of 
a  given  configuration. 
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Figure  11.  Experimental  setup  used  for 

chemically  etching  quartz  discs. 
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Chemically  Polished  Discs 

Chemical  etching  of  natural  quartz  discs 
in  a  saturated  solution  of  ammonium  bifluor¬ 
ide  can  produce  chemically  polished  surfaces. 
Interest  was  generated  because  very  thin 
chemically  polished  discs  are  shown  to  be 
extremely  strong.6  The  etching  experiments 
were  performance  in  a  double  beaker  arrange¬ 
ment,  as  shown  in  Figure  11.  An  outer  glass 
beaker  contains  corn  oil,  which  proved  to  be 
a  better  heat-conducting  medium  than  water 
because  of  its  slower  evaporation  rate  and 
higher  boiling  point.  The  inner  teflon 
beaker  contains  a  saturated  solution  of  am¬ 
monium  bifluoride  with  a  composition  of  65 
gms  ammonium  bifluoride  flakes  per  100  ml  of 
solution.  The  ammonium  bifluoride  solution 
is  heated  to  about  80®C,  and  is  constantly 
agitated  with  a  stirring  bar.  The  rate  of 
etching  depends  primarily  on  the  temperature 
of  the  solution  where  the  higher  the  temper¬ 
ature  the  faster  the  removal  of  material  from 
the  substrate.  A  teflon  sample  holder  is 
used  to  hold  the  quartz  disc  in'  the  etching 
solution. 

Prior  to  etching,  all  discs  underwent  a 
thorough  cleaning  to  remove  surface  contami¬ 
nants  such  as  grease,  which  may  inhibit 
etching.  The  cleaning  procedure  consists  of 
ultrasonic  agitation  in  a  detergent  solution 
followed  by  thorough  rinsing  with  TCE,  ace¬ 
tone,  and  methanol. 

Both  natural  and  synthetic  quartz  discs, 
with  either  Polish  A  or  Polish  B  surfaces, 
were  chemically  etched.  The  rate  of  removal 
from  both  surfaces  varied  from  1.5  to  2.2  mils 
per  hour  dependent  upon  temperature  and  amount 
of  depletion  of  the  etching  solution.  A  total 
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Figure  12.  Photographic  comparison  of  sur¬ 
faces  of  natural  and  synthetic 
quartz  disc  after  chemical 
etching. 


of  4  to  6  mils  was  typically  etched  off  to 
ensure  complete  removal  of  surface  layers 
damaged  by  mechanical  lapping  and  polishing 
processes. 

After  completion  of  the  chemical  polish¬ 
ing,  the  surface  topography  was  examined. 

Two  commonly  observed  surface  defects  are 
etch  pits  and  etch  channels,  as  shown  in 
Fig.  12.  At  the  surface  end  of  an  etch  chan¬ 
nel,  etch  pits  are  always  found;  however, 
etch  pits  are  not  always  associated  with  etch 
channels.  The  exact  mechanism  for  generation 
of  etch  pits  and  channels  is  unclear.  Etch 
channels  are  likely  due  to  dislocations  in 
the  crystalline  lattice.  Bulk  and/or  surface 
defects  and  impurities  in  the  quartz  may  lead 
to  etch  pits.  One  piece  of  evidence  for  a 
bulk-related  mechanism  was  seen  in  a  sample 
where  etch  pits  were  heavily  concentrated  in 
corresponding  areas  of  the  surface  on  both 
sides  of  the  disc.  A  surface-related  mechan¬ 
ism  instead  would  have  resulted  in  etch  pits 
evenly  distributed  across  only  one  surface, 
since  the  whole  disc  surface  should  have 
undergone  the  same  preparation  and  polishing 
conditions. 

Large  numbers  of  etch  pits  and  channels 
were  observed  in  synthetic  grade  quartz. 

Hence,  chemical  polishing  using  ammonium  bi¬ 
fluoride  proved  to  be  unsuitable  for  synthetic 
quartz.  Though  the  amount  of  etch  pits  and 
channels  varied  from  sample  to  sample,  all 
chemically  etched  natural  quartz  surfaces  were 
of  much  better  quality  than  chemically  etched 
synthetic  quartz  surfaces.  Of  the  ten  chem¬ 
ically  etched  surfaces,  the  average  fracture 
strength  was  14,400  i  6500  psi,  which  proved 
to  be  substantially  weaker  than  the  regularly 
Syton  polished  surfaces  of  strength  21,400  t 
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Figure  13.  Three  chemically  polished  natural 
quartz  discs,  showing  the  corre¬ 
lation  between  fracture  strength 
and  surface  quality  after  etching. 
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6000  psi.  This  weakening  of  tensile .strength 
due  to  chemical  etching  is  contrary  to  results 
noted  in  the  literature. 6  One  important 
observation  was  that,  among  etched  samples, 
the  better  quality  surfaces  with  little  or  no 
etch  pits  had  a  higher  fracture  strength  of 
20,700  t  7500  psi.  Although  this  is  not 
stronger  than  the  regularly  polished  Syton 
finish  surfaces,  it  is  substantially  stronger 
than  the  average  strength  of  the  general  popu¬ 
lation  of  chemically  polished  samples  where 
the  surfaces  were  full  of  etch  pits  and  chan¬ 
nels.  Hence,  etch  pits  and  channels  do  cause 
weakening  of  the  fracture  strength.  Shown  in 
Fig.  13  is  this  observation  that  the  fewer  the 
etch  pits  and  channels  on  the  surface,  the 
higher  the  fracture  strength.  An  interesting 
possibility  may  be  first  to  chemically  etch 
the  surface  and  then  finish  with  a  slight 
Syton  polish  to  smooth  out  the  etch  pits. 

Discs  with  Ion  Etched  Grooves 

Placing  ion-milled  grooves  onto  the 
surface  of  quartz  discs  and  then  testing 
for  tensile  strength  would  show  the  effect 
of  the  grooves  on  the  disc  structure  and 
show  whether  the  grooves  would  substantially 
weaken  the  discs. 

Seven  quartz  discs  had  grooves  ion-milled 
onto  the  surface  using  standard  photolitho¬ 
graphic  techniques.  The  quartz  is  coated  with 
photoresist.  Then  the  photoresist  is  exposed 
through  a  mask  with  UV  light.  A  mask  with 
1600  2.5  microns  wide  grooves  was  used. 
Following  the  exposure,  a  development  step  re¬ 
moves  the  exposed  photoresist  and  hence  bares 
the  surface  in  the  groove  regions.  An  ion- 
miller  is  used  to  etch  down  1000  A  into  the 
bare  substrate,  and  the  rest  of  the  substrate 
is  protected  by  the  photoresist. 

The  average  fracture  strength  was 
19,300  ±  2700  psi,  which  is  comparable  to 
regular  unmilled  surfaces  with  strengths  of 
21,400  t  6000  psi.  Hence,  at  least  for 
discs,  ion-milled  grooves  on  the  surface  did 
not  substantially  weaken  the  tensile  strength. 

Conclusion 

The  major  emphasis  of  this  study  was  to 
compare  the  fracture  strength  of  four  differ¬ 
ent  types  of  quartz  including  natural  and 


three  synthetic  grades  (optical,  premium  0 
and  electronic).  A  biaxial  flexure  test  was 
used  for  measuring  the  tensile  strength  on 
quartz  discs  which  were  1  inch  in  diameter 
and  nominally  0.1  inch  thick.  The  average 
strength  of  polished  samples  was  21,400  psi 
and  this  was  independent  of  both  quartz  grade 
(natural  quartz  and  three  distinct  synthetic 
grades)  and  polishing  details.  Unpolished 
samples,  however,  fractured  at  approximately 
9,000  psi  indicating  that  polishing  is  indeed 
a  critical  processing  step,  increasing  mate¬ 
rial  strength  by  a  factor  of  2  to  3.  Chemical 
etching  was  also  evaluated,  but  caused  etch 
pits  in  natural  quartz  which  actually  reduced 
average  strength.  The  ion-beam  milling  of 
extremely  shallow  grooves  (1,000  A  deep)  on 
the  disc  surfaces  did  not  significantly  alter 
material  strength.  In  addition  to  the  param¬ 
eters  mentioned  above,  other  factors  such  as 
relative  humidity,  0  (from  infrared  measure¬ 
ments),  and  sample  thickness  also  were  found 
to  have  no  correlation  with  fracture  strength. 
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EFFECT  OF  ALKALI  IONS  ON  ELECTRICAL  CONDUCTIVITY  AND 
DIELECTRIC  LOSS  OF  QUARTZ  CRYSTALS* 


J.  Toulouse,  E.R.  Green  and  A.S.  Nowick 
Henry  Krumb  School  of  Mines 
Columbia  University,  New  York  10027 


— Because  of  the  importance  of  alkali  lens  in  rela¬ 
tion  co  frequency  stability  of  quartz  resonators,  we 
have  investigated  the  electrical  properties  of  various 
Li-swept  and  Na-swept  quartz  crystals  (both  natural  and 
synthetic).  These  properties  are  of  two  types:  dielec¬ 
tric  loss  measurements,  particularly  at  cryogenic  A 

temperatures,  and  electrical  conductivity  measured 
between  100*  and  400^C.  In  the  case  of  Che  dielectric 
measurements,  we  studied  the  two  well  known  loss  peaks 
due  to  Al-Na  pairs  and  established  a  calibration  for 
the  lower  temperature  peak  (tan  $max  of  1*5  x  -Hf5 
corresponding  to  1  ppm  of  Al-Na  pairs).  High  quality 
synthetic  crystals  and  a  natural  crystal  were  found  to 
have  primarily  Li  as  compensation  for  A1  in  the  as- 
grown  condition.  The  absence  of  an  analogous  Al-Li 
peak  leads  to  the  conclusion  that  Li  resides  on  the 
2-fold  symmetry  axis  of  the  AIO4  tetrahedron  to  which 
it  is  bound. ^Following  irradiation,  large  loss  peaks 
were  found,  at  8.4  K  for  Na-swept  and  at  6.85  K  for  Li 
swept  crystals.  These  peaks  may  be  useful  to  charac¬ 
terize  quartz  crystals. 


The  ionic  conductivity  is  different  for  Na  and  Li 
in  the  same  crystal,  and  also  for  synthetic  and  natural 
crystals.  Conductivity  is  controlled  by  a  combination 
of  the  energy  of  migration  of  free  H*  and  of  association 
of  the  Al-M  pair. 


Introduction 

It  la  well  established  that  frequency  Instabilities 
in  quartz  resonators,  especially  after  irradiation,  are 
related  to  impurities  in  the  crystals.*-*  Probably  the 
most  Important  impurity  is  Al^+  substituting  for  Si*+, 
which  (due  to  its  lower  valence)  requires  an  additional 
defect  for  charge  compensation.  The  latter  is  moat 
commonly  an  interstitial  monovalent  ion,  M+,  notably  the 
alkalis,  Li+  and  Na+,  or  hydrogen.  Because  of  the 
Coulomb lc  attraction  between  the  M*  end  the  Al*+  (which 
carries  an  effective  charge  of  -1),  the  Mt  inter¬ 
stitial  Is  usually  located  adjacent  to  the  Al-'"'  ion  at 
low  to  moderate  teaperaturea. 


also  known.® 


An  important  question  is  whether  there  are  similar 
loss  peaks  due  to  Al-Li  pairs.  Such  a  peak  was  claimed 
by  Stevels  and  Volger^  to  be  present  at  60  K  (for  a 
frequency  of  32  kHz).  There  is  a  need  to  confirm  this 
claim,  since  such  a  peak  would  provide  a  valuable  method 
for  characterizing  the  Li'*'  content  of  quartz  crystals. 

The  second  property  of  interest  is  electrical  con¬ 
ductivity.  Because  of  the  large  band  gap  of  crystalline 
quartz  (>  8  eV)  such  conductivity  is  entirely  ionic,  and 
is  due  to  alkali  ions  that  have  broken  away  from  Al-M 
pairs  as  a  consequence  of  the  dissociation  equilibrium. 

A  detailed  study  by  Jain  and  Nowick9  has  shown  some 
interesting  differences  between  natural  and  synthetic 
crystals,  in  particular,  a  lower  activation  energy  for 
natural  crystals. 

Both  electrical  properties  are  strongly  dependent 
upon  the  morphology  of  the  alkali  defect,  which  can  be 
modified  by  irradiation. 10  Therefore  we  have  also  begun 
to  investigate  the  effects  of  X-irradiatlon  upon  dielec¬ 
tric  loss  and  conductivity. 

In  order  best  to  study  these  electrical  properties 
related  to  alkalis,  it  is  desirable  to  obtain  crystals 
that  have  A1  compensated  by  just  one  alkali  at  a  time. 
This  objective  can  be  met  by  the  process  of  electro- 
diffusion  (or  "sweeping"),  i.e.  application  of  an  elec¬ 
tric  field  parallel  to  the  z-axis  to  introduce  the 
desired  interstitial  ion  into  the  lattice  replacing 
those  that  were  grown  in.  This  method  was  previously 
developed  by  Kat*11  and  by  King1  and  is  now  a  relatively 
standard  technique.  In  addition  to  alkalis,  H*  can  also 
be  swept  into  the  crystal.  By  studying  the  electrical 
properties  of  Li-,  Na-  and  H- swept  crystals  ws  hope  to 
achieve  a  better  understanding  of  these  properties  than 
had  been  achieved  in  the  past  with  measurements  on 
various  as-grown  crystals. 


perlmental 


Two  types  of  electrical  properties  provide  useful 
ways  to  observe  the  effects  of  alkali  ions;  these  are 
dielectric  loss,  and  conductivity.  The  pioneering  work 
of  Stevels  and  Volger*  showed  that  dielectric  loss  (or 
"dielectric  relaxation")  observed  at  cryogenic  tempera¬ 
tures  showed  a  number  of  peaks,  two  of  which  could  be 
attributed  to  Al-Na  pairs.  Subsequent  work  in  this 
laboratory®* 7  showed  that  a  Na+  ion  can  occupy  two 
pairs  of  equivalent  sites  (a  total  of  4  sites),  which 
mey  be  considered  nn  and  nnn  positions,  about  a  glvan 
AIO4  tetrahedron.  An  electric  field  gives  rise  to 
dielectric  loss  by  producing  preferential  reorientation 
between  an  equivalent  pair  of  sites,  the  lower  tempera¬ 
ture  loss  peak  being  due  to  nn  reorientation  and  the 
higher  temperature  one  to  nnn  reorientation.  Analogous 
acoustic  loss  (or  "enelastic  relaxation")  peaks  are 


The  principal  synthetic  crystals  studied  were  high 
quality  crystals  taken  from  the  Z-growth  region:  Toyo 
Supreme  Q  (bar  SQ-A)  and  Sawyer  Premium  Q  (bar  FQ-E). 

The  natural  crystal  was  a  clear  crystal  from  Arkansas. 

Electrodlf fusion  experiments  ware  carried  out  at 
Oklahoma  State  University  by  Dr.  J.  Martin.  (Method 
described  in  rsf.  12).  Dielectric  loss  (tan  6)  and 
ionic  conductivity  ware  both  measured  with  a  General 
Radio  type  1620A  Capacitance  Bridge  assembly  over  the 
frequency  range  20  Hz-100  kHz.  Complex  impedance 
analysis  was  used  to  obtain  the  bulk  conduction.9  The 
samples  used  were  plates  of  surface  area  1  cm*  mad 
thickness  1.0-l.J  ■  coated  with  sputtered  silver  elec¬ 
trodes.  Most  samples  ware  cut  so  that  the  electric 
field  is  applied  parallel  to  the  a-axls.  but  some  were 
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Fig.  1.  Dielectric  loss  of  natural 
quarts  crystals  that  were  unswept,  Li- 
swept  and  Na-swept.  Note  that  the  scale 
for  the  two  lower  curves  is  20  x  larger 
than  that  for  the  upper  curve. 
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cut  in  a  perpendicular  orientation.  The  sample  chamber 
for  the  conductivity  measurements  was  described  pre¬ 
viously.  For  dielectric  loss,  the  sample  was  inserted 
into  a  Janis  Supervaritemp  cryostat,  and  measurements 
were  taken  between  2.9  and  300  K.  The  leads  from  the 
bridge  to  the  sample  electrodes  were  shielded  by  a 
continuous  coaxial  shield  connected  to  the  bridge  ground. 

X-lrradiation  was  carried  out  for  4  hours  at  room 
temperature  using  a  conventional  tungsten-filament  tube 
at  40  kV  and  20  mA.  The  very  soft  X-rays  were  filtered 
out  by  the  layer  of  sputtered  silver  used  as  electrodes. 

Dielectric  Relaxation  Studies 
The  Al-Na  Peaks 

In  several  samples  containing  Na,  we  have  observed 
the  pair  of  peaks  previously  reported  by  Stevels  and 
Volger*  and  by  Park?  as  due  to  Al-Na  pairs.  At  a  fre¬ 
quency  of  1  kHz  these  peaks  appeared  at  30  K  and  75  K. 
An  example  is  given  in  Fig.  1  which  compares  dielectric 
loss  (tan  6 )  for  the  natural  crystal  as  received  (un¬ 
swept)  and  after  Ll-and  Na-sweeplng.  The  two  peaks  are 
prominent  In  the  Na-swept  sample,  very  small  In  the 
un swept  and  absent  In  the  Li-swept  sample.  The  30  K 
peak  is  especially  Interesting  as  a  vary  sensitive 
measure  of  the  Al-Na  content  lust  as  is  ths  50  K 
anelastlc  peak  (at  5  MKz) .8, 13  in  fact,  by  comparing 
the  temperature  location  of  the  dielectric  peak  at  1  kHz 
with  that  of  the  anelastlc  peak  at  5  KHz,  one  obtains 
H  »  0.052  eV  as  the  activation  enthalpy  of  the  peak. 
Figure  2  shows  a  more  detailed  examination  of  the  -peak 
shape,  comparing  normalized  data  for  the  natural  and 
the  Toyo  synthetic  crystal.  It  is  striking  that  tha 
shape a  are  so  nearly  Identical  (except  for  a  possible 
small  tall  on  the  high  1/T  aide  for  the  synthetic  crys¬ 
tal)  In  aplte  of  the  great  difference  In  origins  of 
these  two  crystals  and  a  peak  height  that  la  7x  larger 
for  the  natural  crystal.  From  the  peak  width  of  Fig.  2 
an  apparent  activation  energy  of  0.050  eV  Is  obtained, 
showing  that  tha  peak  la  only  4Z  wider  than  a  perfect 
Debye  peak.1*  This  relaxation  peak  la  attributed*’?  to 
reorientation  between  the  two  equivalent  nn  configura¬ 
tions  of  the  Al-Na  pair.  A  similar  agreement  In  peak 
shapes  between  natural  and  synthetic  Is  found  for  the 
75  K  peak,  which  is  attributed  to  mm  Al-Na  pairs. 


The  study  of  the  Toyo  Supreme  SQ-A  sample  allows 
a  calibration  of  the  30  K  peak.  Halliburton  et  al.1** 111 
developed  a  method  for  determining  the  A1  content  of  a 
quartz  crystal  by  converting  all  of  it  to  Al-hole 
(Al-h+)  centers  through  an  appropriate  irradiation 
procedure;  these  centers  could  then  be  detected  and 
their  concentration  determined  through  ESN  measure¬ 
ments.  In  this  way,  they  found,  for  an  SQ-A  specimen 
from  the  same  bar  as  our  sample,  a  value  of  14.4  ppma 
of  Al.  If  we  assume  that  our  Na-swept  SQ-A  sample 
contained  the  same  Al  content  and  that  the  Na  sweeping 
converted  all  Al  to  Al-Na  defects,  then  our  peak  height 
tan  6max  of  22.1  x  10"5  mat  correspond  to  14.4  ppm  of 
Al-Na  defects.  This  result  then  gives  a  calibration 
constant  of  1.5  x  10~5/ppm. 

The  earlier  theoretical  treatment*  permits  us  to 
interpret  this  calibration  constant.  It  was  shown  that 
the  relaxation  strength  5e«  /e^  of  the  dielectric 
constant  parallel  to  tne  z-axia  is  given  by 

'  ?  tan  (1) 

where  tan  is  the  measured  peak  height,  nj  the 
number  of  dipoles  (Al-Na  pairs)  per  unit  volume,  U3  the 
component  of  the  dipole  moment  parallel  to  the  s-axls 
and  kT  has  its  usual  meaning.  The  above  calibration 
constant  than  gives  a  value  of  M3  -  5  x  10“ 3°  C~m,  or 
a  charge  separation  r3  -  0.3  A,  which  la  reasonable. 

Table  1  presents  a  summary  of  the  results  for  the 
30  K  peak  for  a  variety  of  samples  that  we  have  studied 
(all  measured  parallel  to  the  s-axls).  In  the  final 
column  this  calibration  constant  Is  used  to  convert 
peak  heights  Into  concentration  of  Al-Na  pairs.  It  Is 
lntersstlng  that  these  high  quality  synthetic  crystals 
(SQ-A  and  FQ-K),  grown  with  Li+  In  the  mineral lxar, 
show  only  a  very  small  amount  of  Na  la  the  as-grown 
condition.  The  total  Al  content  of  the  FQ-E  crystal, 
for  example  was  -  18  ppm;1*  therefore,  only  4Z  of  the 
Al1*  la  aa socle  ted  with  Na  la  the  sa  grown  condition. 
Similarly  there  la  only  15Z  Al-Na  in  the  Toyo  SQ-A 
crystal.  Tbs  remainder  is  almost  certelnly  Al-Ll, 
since  there  is  no  evidence  la  these  crystals  for  Infra¬ 
red  absorption  due  to  A1-0H  centers.16 
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Table  1.  Results  for  the  30  K peak  for  various  as spies 


Peak  height 

Sample 

tan  x  105 

ppma  Na 

SQ-A  unswept 

3.2 

2.1 

SQ-A  Na-swept 

22.1 

14.4 

PQ-E  unswept 

1 

0.7 

NQ  unswept 

1 

0.7 

NO  Na-swept 

151 

100 
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Fig.  2.  The  30  K  dielectric  loss  peak  on  a 
normalized  plot  for;  O  the  natural  crystal,  *  the  Toyo 
SQ-A  crystal.  (The  absolute  peak  height  of  the  natural 
is  7  x  higher  that  that  of  the  Toyo  crystal . ) 


Search  for  Al-Ll  Peaks 

In  attempting  to  find  one  or  more  dielectric  loss 
peaks  due  to  Al-Li  pairs,  we  have  examined  several 
unswept  and  Li-swept  samples  both  parallel  and  perpen¬ 
dicular  to  the  z-axla  and  over  the  temperature  range 
2.9  -  290  K.  In  all  of  these  experiments  no  Identifiable 
peak  was  found,  in  contrast  to  Stevels  and  Volger's 
claim  of  a  peak  at  60  K  (for  32  kHz).  The  middle  curve 
of  Fig.  1  shows  one  of  the  best  examples,  that  of  a 
Li-swept  natural  crystal.  In  this  case,  for  which  the 
AX  content  is  100  ppm  (see  Table  1)  there  is  no  evidence 
for  a  peak  as  large  as  tan  $max  "lx  10-5,  (Even 
small  fluctuations  which  might  hide  very  small  peaks  in 
Fig.  1  were  later  shown,  by  remeasurement,  not  to  be 
peaks.)  Thus,  using  Eq.  (1),  if  a  Al-Ll  peak  exists 
for  measurements  parallel  to  the  z-axis,  it  must 
correspond  to  a  value  of  M3  at  least  an  order  of  mag¬ 
nitude  smaller  than  that  for  Al-Na.  Similarly,  measure¬ 
ments  with  electric  field  in  the  basal  plana,  for  which 
the  corresponding  relaxation-strength  equation  is6 

2  t,n  4aax  "  «dM*/2kT  (2) 

where  ^  is  the  component  of  dipole  moment  in  the 
y-dlrection  of  the  crystal,  again  gave  nagatlva  results, 
suggesting  that  M2  is  also  exceedingly  small.  It  is 
noteworthy  that  anelastlc  relaxation,  which  Involves 
the  same  re taxational  mode4  as  is  also  absent  for 
Li-swspt  crystals  over  a  similar  temperature  range.12 

It  is  therefore  concluded  that  the  Al-Li  pair  is 
most  likely  oriented  along  the  x-axls,  l.e.  the  direc¬ 
tion  of  the  2-fold  (C2)  sy«Mtry  axis  of  the  crystal, 
as  shown  in  Fig.  3.  Because  Li*  locates  ltaelf  on  this 
axis,  the  two  equivalent  sites  between  which  reorlanta- 


an  AIO4  distorted  tetrahedron.  The  two-fold  symetry 
axis,  C2,  which  lies  parallel  to  the  x-axis,  is  also 
shown. 


tion  occurs  in  the  case  of  Na+,  have  now  collapsed  into 
a  single  site;  thus,  the  possibility  for  reorientation 
i.e.  for  dielectric  relaxation,  no  longer  exists. 

[This  last  remark  is  just  a  restatement,  in  physical 
terms,  of  what  is  contained  mathematically  in  Eqs.  (1) 
and  (2).]  A  possible  explanation  for  the  orientation 
of  the  Al-Li  pair  along  the  C2  axis  may  be  related  to 
the  small  size  of  the  Li*  ion  which  may  permit  it  to 
sit  between  two  oxygen  ions  of  the  AIO4  tetrahedron. 

On  the  other  hand,  the  Na+  ion  is  believed  to  prefer  to 
form  an  O-Na  type  of  bond  with  one  of  the  four  oxygen 
ions  of  the  tetrahedron. 2  One  way  to  explore  the 
defect  configurations  further  is  by  computer  simulations 
using  the  HADES  II  type  program.12  Such  methods  have 
given  Insight  into  the  minimum-energy  configurations  of 
different  defect  clusters  in  a  variety  of  ionic  crystals 
and  may  also  be  useful  in  the  present  case. 

Irradiation  Peaks 

X-irradiation  produces  a  large  peak  at  very  low 
temperatures,  with  a  high  rising  background  below  the 
peak.  Figure  4  shows  the  results  for  Toyo  Supreme  SQ-A 
samples  that  had  been  L1-,  Na-  and  H-swept.  In  the  Na- 
swept  case,  the  30  K  (100/T  -  3.3)  Al-Na  peak  is  con¬ 
siderably  reduced  and  replaced  by  a  huge  peak  at  8.4  K 
with  a  rising  background  at  still  lower  temperatures. 

A  similar  peak  is  present  for  the  Li-swept  case,  but  it 
is  located  at  a  lower  temperature,  6.8S  K.  The  H-swept 
sample,  on  the  other  hand,  shows  a  smaller  less  well- 
defined  peak  after  Irradiation,  which  might  be  inter¬ 
preted  as  a  composite  of  the  residue  of  the  peaks  for 
the  Li-and  Na-svept  samples. 

It  is  reasonable  to  ascribe  these  radiation  Induced 
peaks  either  to  the  Al-h*  center  or  to  a  center  that 
involves  the  alkali.  The  fact  that  the  peaks  for  the 
different  alkalis  have  different  temperatures  and  that 
the  H-swept  semple  shows  a  lower  and  lese  well  defined 
peak  suggests  the  possibility  of  an  alkali  center.  A 
simple  M-e  center  is  not  very  likely,  since  such  a 
center  with  a  single  electron  would  have  a  strong  ESR 
spectrum,  yet  has  not  been  detected  in  irradiated 
samples.14  A  more  complex  alkali  center  nay  be  involved 
for  example,  it  nay  contain  two  electrons  and  possibly 
an  oxygen-ion  vacancy.  More  work  is  clearly  needed  to 
farther  explore  these  interesting  irradiation  Induced 
peaks  as  Mil  as  the  very  low-temperature  background 
effect  which  accompanies  them. 
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Conductivity  Studies 

Conductivity  measurements  were  carried  out  on 
unswept  and  swept  Toyo  SQ-A  and  natural  crystals.  All 
measurements  were  made  with  electric  field  parallel  to 
z-axls.  The  results,  shown  in  Fig.  5,  are  somewhat 
different  for  the  two  types  of  quartz.  For  the  natural 
crystal,  the  Li-swept  shows  a  substantially  higher  con¬ 
ductivity  and  a  slightly  lower  activation  energy  (see 
Table  2).  On  the  other  hand,  for  the  Toyo  synthetic 
crystal,  the  conductivities  are  quite  close  and  the  Li- 
swept  has  the  higher  activation  energy.  Also  included 
in  Fig.  5  are  results  for  the  H-swept  Toyo  crystal. 

Here  the  conductivity  has  dropped  by  more  than  two 
orders  of  magnitude,  yet  the  activation  energy  is  com¬ 
parable  to  that  of  the  alkali  swept  crystals.  It  is 
therefore  reasonable  to  regard  that  the  conductivity  of 
H-swept  sample  is  not  due  to  H*  migration,  but  to  the 
small  amount  of  residual  alkali  which  remains  after 
sweeping. 

Table  2  also  shows  that  the  activation  energies 
for  both  natural  crystals  fall  well  below  those  for  the 
synthetics,  as  Jain  had  already  observed. 9  These 
differences  were  Interpreted  in  terms  of  the  relation. 

E  •  E  +  8E.  (3) 

D  A 

where  En  Is  the  activation  energy  for  migration  of  a 
free  alkali  ion.  Eg  la  the  Al-M  association  energy,  and 
0  can  vary  between  %  and  1  with  the  value  of  unity  for 
synthetic  crystals,  in  which  the  defect  concentrations 
are  so  small  that  additional  unasaoclated  A1  may  be 
present.  In  any  case,  the  term  Ea  dominates  the  ex¬ 
pression  for  E,  so  that  a  higher  value  for  Li4  than  for 
Na*  does  not  mean  that  the  larger  (Na*)  ion  migrates 
down  the  open  channels  of  the  crystal  more  rapidly  than 
the  small  Li*  ion.  Rather,  because  of  the  small  site  of 
L1+,  it  is  possible  that  Eg  for  Al-Li  is  higher  than 
that  for  Al-Ne. 


Fig.  5.  Conductivity  plots  (log  aT  versus  1/T, 
where  a  is  the  conductivity)  for  Li-  and  Na-swept 
natural  quartz  samples  (NQ) ,  and  for  three  differently 
swept  synthetic  samples  (Toyo  SQ-A).  The  corresponding 
activation  energies  are  given  in  Table  2. 


Table  2.  Activation  Energies  from  Conductivity 
Measurements. 


Crystal 

Sweeping 

E(eV> 

Natural  NQ 

Li 

1.09 

Natural  NQ 

Na 

1.11 

Toyo  SQA 

Li 

1.44 

Toyo  SQA 

Na 

1.31 

Toyo  SQA 

H 

1.43 

Conclusions 

LI*  and  Na*  behave  quite  differently  in  their 
effects  on  (i)  dielectric  loss,  Ou.)  dielectric  loss 
after  irradiation  and  («i)  electrical  conductivity. 

The  first  of  these  properties  Involves  the  bound  Al-M 
pair;  this  study  has  shown  that  the  two  alkalis  sit  on 
very  different  sites.  The  second  property  may  tell  us 
what  becomes  of  the  alkali  ion  during  Irradiation, 
information  which  has  thus  far  not  been  revealed  by 
other  methods.  The  third  property  is  controlled  by 
free  M*  ions  produced  by  the  dissociation  of  pairs;  it 
Involves  both  the  energy  of  migration  and  of  association. 
In  each  category,  understanding  the  difference  between 
Li+  and  Na*  can  help  us  better  to  characterise  quarts 
crystals  and  to  understand  the  origin  of  frequency 
instabilities. 
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RADIATION  INDUCED  TRANSIENT  ACOUSTIC  I CSS 
IN  QUARTZ  CRYSTALS 

D.  R.  Koehler  and  J.  J.  Martin* 
sandia  National  Laboratories 
Albuquerque,  New  Mexico  87185 


Abstract 


Introduction 


When  exposed  to  pulsed  ionizing  radiation,  quartz 
oscillator  crystals  can  exhibit  transient  acoustic 
loss  (Q-l,  resistance)  increases  and  transient  fre¬ 
quency  shifts.  Although  the  transient  resistance 
increase  is  usually  observed  in  unswept  quartz,  resis¬ 
tance  changes  and  transient  frequency  shifts  have  been 
seen  in  swept  quartz.  The  transient  frequency  shifts 
in  swept  material  are  caused  by  the  radiation-induced 
conversion  of  the  Al-OH  center  into  the  Al-hole  center 
and  t y  dynamic  thermal  effects.  For  the  Al-CH  con¬ 
version  process,  the  subsequent  decay  is  due  to  the 
return  of  the  proton  by  diffusion  along  the  z-axis 
channels,  4 — 

The  transient  loss  increase  which  can  cause  the 
oscillator  to  stop  must  be  related  to  motion  of  the 
alkali  ions  which  act  as  charge  compensators  for  the 
substitutional  aluminum  in  unswept  material.  We  have 
directly  measured  the  transient  acoustic  loss  in  both 
synthetic  and  natural  quartz.  A  set  of  four  5  MHz  3rd 
overtone  AT-cut  blanks  were  fabricated  from  an  unswept 
bar  of  TOyo  supreme  Q  quartz.  One  blank  was  left  un¬ 
swept,  one  was  lithium  swept,  one  was  sodiisn  swept, 
and  one  was  hydrogen  swept.  The  blanks  were  then 
mounted  in  ceramic  flat  pack  holders.  The  (Brazilian) 
natural  quartz  crystals  were  5  MHz  5th  overtone  units. 
The  crystals  were  mounted  in  a  variable  temperature 
cryostat  which  allowed  the  measurements  to  be  made 
from  110K  to  400K.  The  crystals  were  irradiated  with 
70  ns  wide  x-ray  pulses  from  REBA,  a  flash  x-ray 
facility  at  sandia  Laboratories.  A  typical  pulse 
gave  a  dose  of  6000  Rad  (Si).  The  acoustic  loss  was 
sampled  approximately  every  0.5  second  by  a  log- 
decrement  system.  The  sampling  was  started  a  few 
seconds  before  the  radiation  pulse  and  continued  for 
approximately  50  seconds.  An  approximately  tenfold 
increase  in  acoustic  loss  was  typically  observed  im¬ 
mediately  following  the  radiation  pulse.  No  transient 
loss  was  observed  in  hydrogen  swept  crystals. 


Following  an  initial  fast  transient,  the  acous¬ 
tic  loss  increase  decayed  as  t*v2  over  the  20-  to 
50-second  interval  for  temperatures  below  340K.  At 
higher  temperatures,  the  decay  went  initially  as 
t"1/2  then  became  more  rapid  going  nearly  as  t"1. 

The  t-1/2  dependence  is  characteristic  of  one¬ 
dimensional  diffusion.  Plots  of  the  magutude  of  the 
transient  loss  one  second  after  the  x-ray  pulse 
against  temperature  show  a  broad  background  that  is 
nearly  the  same  for  the  synthetic  and  natural  samples. 
This  broad  transient  loss  is  most  likely  a  relaxation 
loss  due  to  the  alkalis  drifting  along  the  z-axis 
channel.  The  expected  low  activation  energy  for  such 
a  motion  would  be  consistent  with  the  broad  loss. 

Sharper  peaks,  centered  at  360k  in  the  unswept 
synthetic  sample  and  at  380K  in  the  alkali  swept  syn¬ 
thetic  samples,  were  observed  on  top  of  the  broad 
background,  in  the  natural  quartz  samples,  the  trans¬ 
ient  loss  increased  rqpidly  for  temperatures  above 
350K  suggesting  a  peak  somewhere  above  our  400K 
maximum  temperature.  These  transient  peaks  may 
be  caused  by  an  unstable  defect  which  momentarily 
traps  the  alkali  ion. 
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When  exposed  to  ionizing  radiation,  quartz  oscil¬ 
lator  crystals  often  exhibit  both  transient  and  steady 
state  frequency  and  Q  shifts. I-®  The  impurity  caused 
frequency  shifts  stem  from  changes  in  the  elastic 
moduli  which  are  associated  with  the  radiation-induced 
modification  of  point  defects  responsible  for  acoustic 
loss  peaks  at  teaperatures  below  the  operating  tem¬ 
perature  of  the  crystal.’  in  high  purity  swept 
crystals,  the  frequency  changes  are  caused  by  dynamic 
thermal  effects  in  the  quartz  resonator  and  supporting 
structure.6'8  The  Q  or  crystal  resistance  changes 
are  related  to  radiation-induced  acoustic  loss  peaks 
near  the  operating  temperature  of  the  crystal.1 

As-grown  synthetic  quartz  contains  a  variety  of 
point  defects.10'11  These  defects  fall  into  two 
general  categories;  (1)  substitutional  alimunum  with 
its  associated  interstitial  alkali,  Al-M+,  and  (2) 

0H~  molecules  formed  by  protons  trapped  on  oxygens 
near  unidentified  0H“  related  defects  in  the  lat¬ 
tice.  ionizing  radiation  creates  mobile  electrons 
and  holes  in  the  quartz  lattice  which  interact  with 
these  defects.  At  tenperatures  above  200k,  the  alkali 
is  released  from  the  aluminum  when  a  hole  reaches  an 
adjacent  oxygen  and  then  migrates  away  along  the 
Z-axis  channel  until  it  is  trapped  at  an  as  yet  un¬ 
identified  site.  Protons  from  the  CH~  related 
defects  also  are  released  (at  any  temperature)  and 
become  trapped  at  an  oxygen  adjacent  to  the  aluminum 
site.  Thus  the  A1-M+  centers  are  converted  into  a 
mixture  of  Al-OH"  and  Al-hole  centers.  The  pre- 
irradiation  Al-Na*  center  is  responsible  for  the 
large  acoustic  loss  peak  near  50K9  and  the  radiation 
process  described  above  results  in  the  removal  of  the 
peak  at  temperatures  above  200K.12  This  process  is 
responsible  for  much  of  the  steady  state  frequency 
shifts.  Electodif fusion  introduced  by  King1’  is 
used  conmercially  to  replace  the  interstitial  alkali 
ions  with  protons  forming  the  Al-CH"  center.  A 
number  of  studies  haw  shown  that  the  radiation  hard¬ 
ness  of  oscillators  is  significantly  enhanced  by  the 
electrodif fusion  or  sweeping  process.1'2'1'*, 6,7, 8, 14 
Since  the  Al-M*  centers  have  been  converted  into 
Al-OH"  centers  by  sweeping  in  an  air  ambient,  most  of 
the  steady-state  frequency  shift  has  been  eliminated. 

When  such  swept  quartz  is  exposed  to  ionizing 
radiation  pulses,  transient  frequency  offsets  which 
decay  as  t"v2  for  several  decades  of  time  have  been 
observed.  King  and  Sander1'2'1  have  observed  no 
resistance  changes  in  swept  quartz  and  have  shown  that 
the  transient  frequency  effects  are  caused  by  the  Al 
center.  A  radiation-induced  hole  releases  the  proton 
from  the  Al-OH~  center  forming  the  Al-hole  center 
which  has  acoustic  loss  psaks  at  25k,  100k  and 
135k2'15  and,  thus,  changes  the  elastic  moduli. 

The  proton  undergoes  one-dimensional  diffusion  along 
the  Z-axis  channel  until  it  reaches  an  Al  site  where 
it  can  reconbine.  soein16  has  pointed  out  that  the 
t-V2  dependence  is  characteristic  of  diffusion  in 
one-dimension. 

The  transient  response  behavior  of  as-grown  syn¬ 
thetic  and  natural  quartz  is  somewhat  more  complicated 
since  the  aluminum  is  charge  compensated  by  an  alkali 
ion.  in  addition  to  transient  frequency  offsets, 
crystal  resistance  increases  (Q  decreases)  are  ob¬ 
served.  These  resistance  increases  can  be  larqe 


enough  to  cause  oscillation  to  cease.  The  radiation 
releases  the  M+  ion  from  the  aluminum  site  as 
described  above.  The  increased  acoustic  loss  or 
resistance  observed  at  the  operating  temperature  of 
the  crystal  seems  to  be  caused  by  the  M+  ion  drift¬ 
ing  along  the  2 -axis  channel.  Hughes1'  has  observed 
transient  electrical  conduction  following  a  radiation 
pulse  in  unswept  quartz  which  lasts  for  many  seconds. 
He  suggests  that  this  conduction  is  caused  by  the 
motion  of  alkali  ions  along  the  z-axis  channels. 

Nowick  and  Jain18  haw  also  recently  observed  a 
long-lived  radiation-induced  conductivity  in  unswept 
quartz  which  could  be  ’frozen-in"  by  cooling  the 
sample  below  O’C.  Therefore,  a  t"1'^  dependence  of 
the  transient  loss  might  be  expected  since  it  is 
again  a  one-dimensional  problem.  King  and  Sander,1 
however,  have  reported  that  a  somewhat  more  complica¬ 
ted  decay  curve  is  observed.  Hughes’  measurements  of 
the  transient  radiation-induced-conductivity  also  do 
not  display  a  sinple  time  dependence. 

He  report  here  a  study  of  the  radiation  induced 
transient  acoustic  loss  (resistance)  in  a  set  of  crys¬ 
tals  elect rodif fused  with  Li*,  Na+  and  H+;  all  crys¬ 
tals  were  prepared  from  the  same  bar  of  high  quality 
synthetic  quartz.  Results  on  natural  quartz  crystals 
will  also  be  reported.  The  study  was  made  as  a  func¬ 
tion  of  temperature  with  most  measurements  made  over 
the  280k  to  400K  range.  A  few  additional  measurements 
were  carried  out  at  cryogenic  temperatures. 

Experimental  Procedure 

Host  of  the  measurements  were  made  on  a  set  of 
four  synthetic  quartz  crystals  that  are  described  m 
detail  below  and  on  a  pair  of  Brazilian  natural  quartz 
crystals.  A  set  of  four  14  mm  diameter  5  fflz  3rd 
overtone  AT-cut  blanks  were  fabricated  from  an  unswept 
bar  of  Toyo  Siprente  Q  quartz'*’,  studies  on  this  bar 
at  Oklahoma  State  university  show  that  it  contains 
approximately  10  ppm  aluminum  and  relatively  few  CH 
related  defects.1’  using  the  electrodiffusion  pro¬ 
cess  described  by  Martin,  et  al,20  one  blank  was 
lithium  swept,  one  sodium  swepE~  and  one  was  hydrogen 
swept.  The  remaining  blank  was  left  unswept.  After 
mounting  in  ceramic  flat  pack  holders,  the  crystals 
were  desi plated  as  follows:  unswept,  5S40;  H -swept, 
5S38;  Li-swept,  5S37;  and  Na-swept,  5S39.  The 
Brazilian  natural  quartz  crystals  were  5.12  Mz  5th 
overtone  units  designated  266  and  474.  A  few  addi¬ 
tional  mei.  ;urements  were  made  on  5  t«z  5th  overtone 
blanks  PQ-BU6  and  PQ-W9  which  were  hydrogen  and  lith¬ 
ium  swept,  respectively.  These  blanks  were  fabricated 
from  a  sawyer  Premium  Q  bar  desnyiated  PQ-E  by  the 
Oklahoma  State  university  group. 

pairs  of  crystals  were  mounted  vertically  on  the 
copper  cold  finger  of  a  variable  temperature  cryostat. 
The  cryostat  allowed  the  measurements  to  be  made  over 
a  110K  to  400K  temperature  range.  The  crystals  were 
then  irradiated  at  the  desired  temperature  with  the 
70  n»-wide  x-ray  pulses  from  REBA,  a  flash  x-ray 
facility  at  sandia  National  Laboratories.  The  dose 
for  each  pulse  was  measured  with  a  TLD  dosimeter  taped 
to  the  aluminum  foil  radiation  window  of  the  cryortat. 
A  typical  pulse  gave  a  doss  of  6000  Rad  (Si).  The 
actual  doss  in  the  crystal  resonators  will  be  slightly 
leas  than  that  recorded  by  the  dosimeter  because  the 
x-rays  passed  through  the  window  and  parts  of  the 
holder. 

The  acoustic  loss,  Q-1,  data  ware  collected  as 
a  fraction  of  turn  for  each  radiation  puls*  using  a 
calculator  controlled  logarithmic  deers smnt  system. 


Eadi  crystal  was  driven  at  its  series  resonance  fre¬ 
quency  for  approximately  40  ms  and  then  allowed  to 
freely  decay.  The  crystal  signal  was  then  amplified 
and  detected  using  a  superheterodyne  receiver.  The 
decay  time  was  measured  by  gating  a  timer  with  the 
exponent tally  decaying  output  from  the  detector.  The 
calculator  switched  the  system  back  and  forth  between 
the  two  crystals  so  that  Q_1  versus  time  was  mea¬ 
sured  for  both  saapies  on  each  radiation  pulse.  Each 
crystal  was  sampled  approximately  every  0.5  second. 

The  sanpling  was  started  a  few  seconds  before  the 
radiation  pulse  and  then  continued  until  approximately 
50  seconds  after  the  pulse.  Since  REBA  was  fired  in¬ 
dependently  of  the  measurement  timing,  we  haw  a  0.05 
to  0.1  second  uncertainty  in  the  to  of  the  radiation 
pulse  for  most  of  the  runs.  The  uncertainty  is  prob¬ 
ably  0.1  to  0.15  second  for  the  run  where  the  Na  swept 
and  H2  swept  samples  were  paired. 

Results  and  Discussion 

Figure  1  shows  the  acoustic  loss  versus  ’real* 
time  for  the  unswept  and  the  hydrogen  swept  crystals 
fabricated  from  Toyo  Supreme  Q  quartz.  The  radiation 
pulse  took  place  at  the  time  marked  as  to  on  Figure  1. 
In  agreement  with  King  and  Sander1  no  transient  loss 
changes  were  observed  in  hydrogen  swept  crystals.  The 
transient  acoustic  loss  for  the  unswept  (5S40),  the 
Li -swept  (5S37) ,  the  Na-swept  (5S39)  and  the  H2~swept 
(5S38)  crystals  was  measured  as  a  function 
of  temperature  over  the  280k  to  400k  temperature  range. 
A  fV2  dependence  is  characteristic  of  second  order 
kinetics  for  one-dimensional  diffusion.18  King  and 
Sander1  observed  that  the  transient  frequency  shift 
decayed  as  t-1/2  over  many  orders  of  magnitude.  Since 
the  transient  acoustic  loss  involves  the  drifting  of 
the  alkali  ions  along  a  z-axis  channel,  a  t~V2  depen¬ 
dence  would  seem  reasonable.  However,  as  shown  by  the 
389.8k  curve  in  Figure  2,  the  situation  is  more  com¬ 
plex  as  the  acoustic  loss  increase  decays  there  more 
nearly  as  f1.  The  loss  increase  per  dose  versus 
time  is  shown  for  the  unswept  crystal,  5S40,  in  Fig¬ 
ure  2.  The  305.7k  curve  starts  slightly  faster  then 
goes  as  t-1^2  while  the  389.8k  shows  a  decay  faster 
than  t-1/2  at  the  longer  times.  The  time  dependence 
of  the  transient  loss  in  the  synthetic  samples  can  be 
summarized  as  follows:  at  the  lower  temperatures 
(T  *  340K) ,  they  follow  approximately  a  t_1/2  curve; 
at  tha  higher  temperatures  a  t-1  dependence  becomes 
evident  and  nearly  dominates  the  decay  at  the  highest 
temperature. 

Figure  3  shows  the  acoustic  loss  increase  per 
dose  versus  time  after  the  radiation  pulse  for  natural 
quarts  crystal  474  at  309.1k  and  395.0k.  Again,  a 
sixple  t-V2  is  not  observed.  At  309.1k  the  initial 
decay  ia  slower  than  t-V2  followed  by  a  faster 
decay.  At  395K,  the  curve  follows  a  t~V2  behavior 
out  to  around  10  seconds  and  then  shifts  to  nearly  a 
t-1  dependence.  Similar  behavior  was  observed  for 
natural  quartz  crystal  number  266.  For  the  natural 
quartz  samples,  the  faster  (approximately  t_1)  time 
dependence  seems  to  come  in  for  temperatures  above 
340-350K.  It  does  not,  however,  dominate  the  entire 
curve  as  it  shows  up  only  after  about  20  seconds  of 
the  alourer  decay. 

A  few  measurements  at  cryogenic  temperatures  were 
made  on  Li+  and  H+  swept  blanks  PQ-BU9  and  PQ-KR6 
respectively  mounted  in  a  gap  holder.  The  mechanical 
vibration  that  takes  place  when  reba  ia  fired  oauaed 
the  blanks  to  bounce  on  sqm  of  the  radiation  pulses 
resulting  in  a  loss  of  data.  However,  the  transient 
acoustic  loss  in  the  Li  swept  blank  disappeared  at 
temperatures  below  200K.  Below  200k  the  alkali  ion 
is  not  rslssssd  from  tht  aluminum  sits.10*12  Below 
150k,  a  small  long-lived  transient  loss  was  observed 
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in  the  H -swept  blank,  this  loss  was  probably  caused 
by  the  conversion  of  the  Xl -OH-  center  into  the 
Al-hole  center  and  an  interstitial  H°  atom,  the 
Al-hole  center  is  responsible  for  acoustic  loss  peaks 
at  25K,  100K  and  135K.2'15  the  H°  atom  anneals 
out  within  5  minutes  at  around  120K.21 

Figure  4  shows  the  acoustic  loss  increase  per 
unit  dose  taken  one  second  after  the  pulse  for  the 
unswept  and  Na -swept  synthetic  resonators  as  a  func¬ 
tion  of  tenperature.  the  results  for  the  Li -swept 
crystal  match  those  of  the  Na -swept  sample  and  were 
omitted  from  Figure  4  for  clarity.  The  results  sug¬ 
gest  a  peak  near  360K  for  the  unswept  crystal  and  near 
380-390K  for  the  alkali  swept  samples  stperinposed 
upon  a  broad  transient  loss  which  falls  off  at  tem¬ 
peratures  below  300K.  the  ipiturn  for  the  peaks  near 
330-340K  seems  to  match  the  appearance  of  the  faster 
time  dependence. 

Pigure  5  shows  the  acoustic  loss  increase  per 
unit  dose  taken  one  second  after  the  pulse  for  a 
natural  quartz  crystal,  and  for  the  unswept  synthetic 
sample,  as  a  function  of  temperature.  Here  the 
results  show  a  sharp  upturn  near  350K  on  top  of  a 
broad  transient  loss,  unlike  the  synthetic  crystals 
which  show  peaks  below  40 OK  the  loss  data  for  the 
natural  samples  continues  to  increase  for  temperatures 
to  the  maximum  reached.  Just  as  for  the  synthetic 
samples,  the  appearance  of  the  faster  decay  (»t“2) 
correlates  with  the  high  tenperature  increase  in  the 
transient  loss. 

The  results  shown  in  Figure  4  for  the  synthetic 
samples  and  in  Figure  5  for  the  natural  sanples  sug¬ 
gest  that  two  mechanisms  may  be  responsible  for  the 
radiation-induced  transient  acoustic  loss.  An  alkali 
ion,  when  released  from  the  aluminun  site,  will  dif¬ 
fuse  along  the  z-axis  channel  until  it  is  trapped. 

The  migration  is  thermally  activated  and  should  have 
a  fairly  low  activation  energy.  Nowick  and  JainW 
estimated  0.14  ev  for  this  activation  energy  and  the 
same  activation  energy  would  hold  for  the  anelastic 
loss  associated  with  the  ionic  hopping.  The  low  acti¬ 
vation  energy  would  result  in  a  very  broad  anelastic 
loss  peak;  this  may  be  responsible  for  the  broad 
portion  of  the  transient  loss  data  which  appears  at 
the  lower  temperatures.  The  broad  loss  at  the  lower 
temperatures  is  similar  in  both  the  synthetic  and 
natural  samples. 

The  second  mechanism  is  suggested  by  the  higher 
temperature  peaking  of  the  transient  loss  spectra. 

For  the  synthetic  samples,  the  unswept  crystal  shows 
a  hi^i  tenperature  peak  near  360K  while  the  alkali 
swept  crystals  have  the  peak  near  380K  or  390K.  These 
peaks  may  be  related  to  lattice  defects  which  momen¬ 
tarily  trap  the  alkali  ions,  in  the  natural  samples, 
a  different  trap  may  be  responsible  for  the  high 
tenperature  loes. 

summary 

The  radiation-induced  transient  acoustic  loss 
has  been  measured  over  the  280K  to  400K  temperature 
range  for  a  set  of  unswept,  Li  swept,  ns  swept  and 
H -swept  synthetic  crystals  all  fabricated  from  the 
same  original  bar  of  quartz.  Similar  measurements 
were  made  on  a  pair  of  natural  quartz  crystals.  No 
transient  acoustic  loss  increass  was  observed  in  the 
H -swept  sample.  At  the  lower  taaparatures  the 
radiation-induced  loss  decayed  ^prozimately  as  t“V2 
while  at  the  higher  temperatures  a  faster  decay  was 
more  evident.  The  unmmpt  crystal  ahowed  a  peak  in 
the  transient  loss  around  360K  while  the  alkali  swapt 
crystals  had  a  peek  near  390K.  The  tranaisnt  loss 


increased  in  the  natural  quartz  saaples  for  tem¬ 
peratures  up  to  400K,  suggesting  a  peak  at  higher 
temperatures.  Additional  IR,  ESR  and  annealing 
experimentation  is  suggested  to  further  characterize 
this  defect  and  such  work  is  now  being  planned. 
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Figure  Captions 


Fig.  1  The  radiation-induced  transient  acoustic  loss 
for  an  unswept  synthetic  resonator  is  shown. 
The  radiation  pulse  took  place  at  tg.  No 
transient  loss  was  observed  in  the  tydrogen- 
swept  sample. 

Fig.  2  The  transient  loss  increase  per  unit  dose  for 
the  unswept  crystal  is  shown.  Here  a  t~V2 
dependence  is  observed  at  305.7k  only  for  the 
longer  times.  Again,  the  high  temperature 
decay  goes  more  nearly  as  t**. 

Pig.  3  The  transient  loss  increase  per  unit  dose  for 
a  natural  quartz  crystal  is  shown  versus  time 
after  the  pulse.  Both  decay  curves  go  ini¬ 
tially  as  t"V2  and  then  change  to  a  faster 
dependence. 

Fig.  4  The  increased  loss  per  unit  dose  one  second 
after  the  pulse  is  shown  as  a  function  of 
temperature  for  the  unswept  and  Ha-swept 
crystals.  The  results  suggest  a  transient 
loss  peak  near  360K  for  the  unswept  sample 
and  380K-390K  for  the  Na-swept  sample  super¬ 
imposed  upon  a  very  broad  transient  loss. 

Fig.  5  The  increased  loss  per  unit  dose  one  second 
after  the  pulse  is  shown  as  a  function  Of 
temperature  for  a  natural  quartz  crystal  and 
for  the  unswept  synthetic  quartz  sanple.  The 
results  for  the  natural  sample  may  suggest  a 
large  transient  loss  peak  somewhere  above 
400K  superimposed  upon  a  broad  transient 
loss. 
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Figure  1.  The  radiation-induced  transient  acoustic 
loss  for  an  unswept  synthetic  resonator  is  shown.  The 
radiation  pulse  took  place  at  tg.  No  transient  loss 
was  observed  in  the  hydrogen- swept  sample. 


TIME (sec) 

Figure  3.  The  transient  loss  increase  per  unit  dose 
for  a  natural  quartz  crystal  is  shown  versus  time  after 
the  pulse.  Both  decay  curves  go  initially  as  t~1//2  and 
then  change  to  a  faster  dependence. 
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for  the  unswept  crystal  is  shown.  A  t~l/'  dependence 
is  observed  at  30S.7K  only  for  the  longer  times.  The 
high  tesperature  decay  goes  more  nearly  as  t*1. 
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Figure  4,  The  increased  loss  per  unit  dose  one  second 
after  the  pulse  is  shown  as  a  function  of  tesiparature 
for  the  unswept  and  Na-swept  crystals.  The  results 
suggest  a  transient  loss  peak  near  360K  for  the  unswept 
sample  and  380K-390K  for  the  Na-swept  sample  super¬ 
imposed  upon  a  very  broad  transient  loss. 
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Figure  5.  The  increased  loss  per  unit  dose  one  second 
after  the  pulse  is  shown  as  a  function  of  temperature 
for  a  natural  quartz  crystal  and  the  unswept  synthetic 
crystal.  The  results  for  the  natural  sample  suggest  a 
large  transient  loss  peak  somewhere  above  400K  super¬ 
imposed  upon  a  broad  transient  loss. 
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ABSTRACT 

Lithium  tetraborate  is  a  new  piezoelectric  material 
which  has  been  shown  to  have  improved  properties  for 
SAW  applications.  In  view  of  this  the  bulk  acoustic 
wave  properties  have  been  predicted  for  both  singly  and 
doubly  rotated  cuts,  using  the  values  of  the  material 
constants  and  their  temperature  coefficients  currently 
available. 

1 

One  of  the  orientations  investigated  showed  potentially 
interesting  properties.  An  X2-cut  rotated  56°a0'  about 
Xj  displayed  a  zero  room  temperature  first  order 
temperature  coefficient  of  frequency  for  the  thickness 
shear  mode.  Although  there  is  strong  coupling  to  a 
thickness  extensional  mode  this  is  well  separated  out 
in  frequency  and  the  response  is  effectively  single 
moded . 

The  piezoelectric  coupling  constant  for  the  thickness 
shear  mode  was  predicted  to  be  greater  than  6%, 
comparing  favourably  with  AT  quartz  (0.8%)  and  28° 
rotated  berlinite  (3%).  /  - 

Preliminary  measurements  on  single  resonator  devices 
have  been  conducted.  The  existence  of  a  parabolic 
frequency /temperature  performance  has  been  confirmed 
with  second  order  temperature  coefficient  of 
30  x  10~8°C*2.  Although  the  turnover  temperature  shows 
a  tendency  to  shift  with  the  value  of  x/t  (where  1  is 
the  electrode  length  and  t  the  resonator  thickness) 
devices  have  been  designed  with  a  room  temperature 
turnover  and  a  variation  of  ±50  ppm  between  0  and  40°C. 
Although  this  is  higher  than  AT  quartz  (±0.5  ppm)  the 
capacitance  ratio  of  these  devices  has  been  measured  as 
low  as  20  compared  with  a  value  for  AT  quartz  in  excess 
of  200. 

The  maximum  attainable  bandwidth  of  a  filter  using 
quartz  bulk  mode  resonators  is  1%,  achieved  using 
complicated  synthesis  and  optimisation  techniques. 
Simple  lithium  borate  bulk  wave  filters  should  have 
fractional  bandwidths  significantly  wider  than  this  and 
it  is  expected  that  by  using  design  techniques  similar 
to  those  used  for  quartz  filters  further  improvements 
could  be  made. 

INTRODUCTION 

There  Is  an  increasing  demand  in  signal  processing 
systems  for  compact  electronic  components  using  surface 
acoustic  waves  (SAW)  or  bulk  acoustic  waves  (8AW)  in 
piezoelectric  substrates.  These  components  Include 
filters,  delay  lines,  encoders,  decoders  and 
correlators.  The  most  commonly  used  substrate  material 
has  been  a-quartz  which  offers  good  mechanical  and 
chemical  stability,  high  intrinsic  Q  and  single  rotated 
cuts  with  a  zero  first  order  temperature  coefficient  of 
frequency  (TCF)  for  both  SAW  and  BAW  app11c»‘1ons. 

Unfortunately  quartz  exhibits  weak  electromechanical 
(EM)  coupling  which  is  a  limiting  factor  in  achieving 
certain  device  specifications  such  as  bandwidth  and 
insertion  loss.  Over  certain  frequency  ranges  SAW 


transversal  filters  and  BAW  resonator  filters  provide 
roughly  complementary  technologies.  However  there  are 
significant  applications  in  modem  radar  and 
communication  systems,  which  require  frequency 
selectivities  difficult  to  achieve  with  SAW'S,  combined 
with  bandwidths  impracticable  for  BAW  crystal  filters. 
With  AT  quartz  resonators  a  fractional  bandwidth  of  1% 
is  feasible  but  in  this  region  the  effects  of  losses  in 
inductors  which  are  essential  to  the  design  are  very 
significant.  These  problems  can  be  overcome  by 
sophisticated  synthesis  and  optimisation  techniques  but 
there  is  an  inevitable  practical  penalty  In  terms  of 
sensitivity  and  ease  of  construction.  There  exists, 
therefore,  an  urgent  need  for  a  material  with  both  high 
EM  coupling  and  zero  first  order  frequency  temperature 
coefficient . 


Materials  that  have  been  investigated  in  recent  years 
Include  lithium  niobate,  lithium  tantalate  and  aluminium 
phosphate  (berlinite).  Table  1  shows  the  EM  coupling 


Material 
and  cut 

— EH - 

coupling 

K 

k* 

Minimum 

effective 

C0/Ci 

Maximur 

bandwidth 

% 

Lithium 

niobate 

163°X2 

0 . 6 1 5 

8 

1775 

Lithium 

tantalate 

163°X2 

0.408 

0.166 

17 

6 

Lithium 

tetraborate 

56°40'XZ 

0.281 

0.0792 

20* 

5 

Berlinite 

28°X2 

0.15 

0.0225 

90 

1.1 

Quartz  (AT) 

0.089 

0.00792 

250 

0.4 

(a)  Fundament 

al  mode 

Lithium 

niobate 

163°  X2 

5T5T5 

0.042 

70 

1.4 

Lithium 

tantalate 

I63°X2 

0.408 

0.0184 

170 

0.6 

Lithium 

tetraborate 

56°40'X2 

0.281 

0.0088 

380* 

0.26 

Berlinite 

28®X2 

0.15 

0.0025 

800 

0.12 

Quartz  (AT) 

0.089 

0.00088 

2000 

0.05 

(b)  Third  overtone  *  Experimentally  determined  values 


Table  1  Comparison  of  filter  performance 
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factors  and  maximum  bandwidths  of  these  materials  for 
fundamental  and  third  overtone  mode  operation.  However 
attempts  to  build  useful  filters  with  these  materials 
have  unearthed  a  number  of  complications. 

Lithium  nlobate  and  lithium  tantalate  exhibit  trigonal 
symmetry  with  point  group  3m,  and  for  both  materials 
there  exists.  In  addition  to  the  major  axes,  a 
pseudo-threefold  axis  rotated  163°  from  +X2  about  Xj* 
(See  Figure  1).  A  plate  prepared  at  this  rotation  has 
a  vibrational  mode  structure  similar  to  AT  quartz,  but 
the  TCF  Is  of  the  order  of  -80  ppm/°C  for  lithium 
nlobate,  and  -20  ppm/°C  for  lithium  tantalate.  A 
double  rotated  (a*75°,  8*14°)  plate  of  lithium 

tantalate  has  a  zero  TCF  at  25°C,  but  it  has  been  found 
that  the  mode  spectrum  of  resonators  operating  at 
fundamental  mode  for  this  orientation  is  distorted  by 
high  overtone  flexural  modes  moving  through  the  main 
response  with  a  TCF  of  -50  ppm/°C.  The  TCF  for 
operation  at  third  overtone  Is  -40  ppm/°C. 


Figure  1  Conventions  for  specifying  plate  rotations 
with  respect  to  crystal  axes  X1.X2.X3 
(a)  Single  rotation  0  (b)  Double  rotation  a0 

More  recently  berllnlte  has  been  examined  as  a  possible 
substrate  material^.  Berllnlte  Is  Isomorphic  with 
quartz  and  has  a  28°  X2  plate  analagous  to  the  AT  cut 
In  quartz.  Work  performed  at  Hirst  Research  Centre  on 
berllnlte  bulk  wave  resonators  has  demonstrated  a  cubic 
frequency  temperature  performance  with  turnovers  at 
room  temperature  and  100°C.  However  berllnlte  offers 
only  a  marginal  Improvement  In  EM  coupling,  and 
berllnlte  resonators  exhibit  many  undesirable  features 
such  as  an  hysteresis  effect  on  temperature  cycling  and 
very  low  Q  values.  This  was  almost  certainly  due  to 
the  fact  that  the  best  quality  material  available  had  a 
water  content  of  as  much  as  1  mg/g  In  X2  axis  grown 
material*  Growth  of  single  crystal  boules  by 
hydrothermal  synthesis  has  proved  difficult  not  least 
because  of  Its  reverse  solubility,  and  Investigation  of 
this  material  has  subsequently  been  discontinued. 

Lithium  tetraborate  (LI9B4O7)  Is  a  new  material  which 
has  been  arousing  interest  for  possible  SAW 
applications5.  It  was  chosen  Initially  In  the  hope 


that  Its  low  density  (2451  kg/m3)  would  result  in  high 
acoustic  velocities.  Single  crystal  boules  have  been 
grown  using  the  Czochralskl  technique6*7  and  Its 
symmetry  has  been  determined  as  tetragonal  4  mr.  The 
elastic,  dielectric  and  piezoelectric  coefficients  have 
been  measured  along  with  their  first  order  temperature 
coefficients6  and  these  have  been  used  to  calculate  BAW 
properties  for  single  and  double  rotations  of  lithium 
tetraborate  plates. 

THEORY  OF  THICKNESS  MODE  PLATE  VIBRATORS 

The  first  exact  solution  to  the  problem  of  vibrations  In 
piezoelectric  plates  with  wave  propagation  In  the 
thickness  direction  only  was  due  to  Tiersten8.  He 
considered  the  case  of  an  homogenous,  anisotropic. 
Infinite  plate  with  Infinite  massless  electrodes 
subjected  to  an  alternating  potential  difference.  The 
faces  of  the  plate  are  assumed  to  be  traction  free  with 
X3  arbitrarily  selected  as  the  plate  normal.  No  X2  or 
X3  dependence  is  assumed.  The  analysis  proceeds  In  the 
following  stages. 

(1)  The  rotated  material  constants  are  obtained  for  a 
particular  orientation  using  relations  of  the  form 


C'ljkl  -  I  VlrVjsVktVlu  Crstu  0) 


where  Vy  Is  the  rotation  matrix  and  C '  1  j k l  corresponds 
to  the  rotated  elastic  constant  matrix.  In  the 
following  text  Ci j|<i ,  efiit,  eij  are  used  to  represent 
the  rotated  values  of  tne  elastic,  piezoelectric  and 
dielectric  constants. 

(1i)  The  stiffened  elastic  constants  C  are  computed 
using  the  relation 


6ljkl  *  Cijio  +  elljellk  (2) 
til 

(ill)  Following  Tiersten,  solutions  of  the  stress 
equations  of  motion  Including  piezoelectric  stiffening 
have  been  assumed  to  take  the  form  Ui»A<s1nnXi .  This 
requl res 


(Cljkl  -  C6jk)  Ak  =  0  (3) 


where  6jk  Is  the  Kronecker  a.  This  matrix  equation  Is 
solved  by  Householder  reduction9  yielding  three  real 
positive  roots  Cl’)  corresponding  to  the  acoustic 
velocity  of  three  modes  a,  b  and  c.  Mode  a  Is  therefore 
a  thickness  extenslonal  mode  whilst  b  and  c  are  the  fast 
and  slow  thickness  shear  modes.  Each  mode  has  an 
associated  eigenvector  A(’)  corresponding  to  the 

polarisation  of  the  particle  displacement. 

(iv)  The  EM  coupling  factor  K  2  Is  defined  as 


and  Is  plotted  In  Figure  2  as  a  function  of  p  for  oach 
of  the  three  modes  where  p  corresponds  to  an  orientation 
from  +X2  about  Xj. 
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Figure  2  Coupling  coefficient  as  a  function  of  angle 
of  rotation  p.  Fundamental  mode 

(v)  The  natural  resonances  and  anti  resonances  of  the 
plate  are  obtained  from  the  poles  and  zeros  of  the 
Input  admittance10.  These  occur  at 


Angle  of  ftetetlen  Cdegr— 3 


Figure  3  Frequency  constant  as  a  function  of  rotation 
angle  0.  Fundamental  mode 

(vll)  Finally  the  resonant  frequencies  are  adjusted  for 
temperature  by  using  the  temperature  coefficients  of  the 
material  constants  and  their  thermal  expansion 
coefficients  (see  Table  2).  The  resonant  frequencies 
are  computed  at  room  temperature  t0.5°C  and  a  TCF  is 
calculated  from  the  slope  obtained  from  these  points. 


1  -  l  k2mtanY(1) 

1  Ml)  *  "  for  ant  1  resonance  (5) 


1  -  l  fc2(<)tanyO)  ♦  0  for  resonance  (6) 

1  “ W 


If  the  plate  faces  occur  at  Xi»±h  then  T(il”hn(1). 
Equation  (5)  Is  simply  satisfied  for  ♦  mi/z  for  m 
odd  yielding  an  Infinite  set  of  harmonically  related 
anti  resonant  frequencies  fa.  Equation  (6)  has  three 
series  of  coupled  roots.  For  single  rotations  of 
LI 36407  only  two  modes  are  excited  simultaneously  and 
for  simplicity  It  Is  assumed  that  these  modes  are 
uncoupled.  This  Is  a  reasonable  assumption  for  certain 
values  of  the  ratio  of  anti  resonances  for  the  two 
excited  modes. 

(vl)  Values  of  the  frequency  constants  are  computed  by 
an  Iterative  solution  of  the  equation 


Y(i)  •  atan 


n* 

r 


(7) 


(with  n«l  for  the  fundamental  mode  and  n»3  for  the 
third  overtone  mode)  using  the  relations 

7(1)  ■  n*  and  fa^  *  n  "here  Vm  are 

r„("> 

the  plezoelectrlcally 


stiffened  phase  velocities 
Frequency  constants  for  the  three  modes  are 
plotted  as  a  function  of  9  In  Figure  3. 


(¥)■ 


Coefficient 

Magnitude 

Temperature  coefficient 
(10-6‘c-1) 

CU 

12.67 

-125 

c12 

0.05 

14000 

Cl3 

3.0 

350 

c33 

5.39 

354 

C44 

5.50 

-23 

°66 

4.60 

-480 

e15 

0.36 

-1300 

e31 

0.19 

-1300 

e33 

0.89 

-1000 

*S11 

8.97 

-110 

es33 

8.15 

-33 

«11 

13.0 

«33 

-1.5 

Table  2  Elastic  stiffness  (1010  Mm*2)  piezoelectric 
(cm*2)  and  relative  dielectric  constants  end 
their  first  order  temperature  coefficient  at 
20*C.  These  were  the  values  used  In  the 
calculations.  [From  Shorrocks  et  al  1982]. 
«n  end  *93  ere  the  linear  expansion 
coefficients  (10*®  m*C*‘) 
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These  are  plotted  in  Figure  4  for  the  fundamental  mode 
and  Figure  5  for  the  third  overtone  mode.  It  is  clear 
from  Figures  2  and  4  that  there  exists  single 
orientations  of  LI2B4O7  plates  for  which  there  are  zero 
TCF’s  for  both  trie  electrically  excited  modes.  These 
occur  at  p*±38°49'  (thickness  extensional)  and  ±48*48' 
(thickness  shear)  for  the  fundamental  mode,  ±71*52'  and 
±68*17'  for  third  overtone. 


Figure  4  Temperature  coefficient  of  frequency  as  a 
function  of  rotation  angle  p.  Fundamental 
mode 


Figure  5  Temperature  coefficient  of  frequency  as  a 

function  of  rotation  angle  p.  Third  overtone 
mode 

The  experimental  data  described  below  was  obtained  from 
lithium  tetraborate  resonators  manufactured  on  plates 
cut  at  p«-56®40',  an  orientation  obtained  from 
calculations  based  on  earlier  data.  It  has  therefore 
been  necessary  to  adjust  all  predictions  to  this 
orientation.  The  56*40'  plate  does  in  fact  demonstrate 
a  room  temperature  turnover  for  a  given  value  of  aA 
where  ft  is  the  electrode  length  and  t  the  resonator 
thickness.  In  the  case  of  infinite  electrodes  tdtere 
ftA  ♦  •  the  turnover  temperature  for  this  plate  tends 
to  an  upper  limiting  value  well  away  from  room 
temperature  as  anticipated,  (see  Figure  6). 


1/t 


Figure  6  Turnover  temperature  as  a  function  of 
electrode  size 

MATERIAL  CHARACTERISATION  AND  DEVICE  PREPARATION 

The  resonators  used  in  these  experiments  were  prepared 
with  material  obtained  from  an  X}  axis  grown  crystal 
boule11.  Optical  examination  revealed  an  annular  core 
of  defective  material  but  away  from  the  central  region 
there  were  large  areas  of  crystal  that  were  relatively 
defect  free.  56°40'  rotated  X?  plates  -0.5  mm  thick 
were  cut  from  the  boule  and  then  syton  polished  on  both 
sides.  The  plates  were  checked  for  orientation  by  X-ray 
reflection  and  then  the  bulk  of  the  material  was 
examined  using  a  Schlieren  Imaging  technique.  Circular 
blanks  8  mm  In  diameter  were  trepanned  from  the  best 
material  and  then  reduced  to  -0.1  mm  thickness  using  a 
stretched  carrier  lapping  machine.  A  final  inspection 
of  the  blanks  by  the  Haidinger  fringe  method  revealed  a 
thickness  uniformity  of  1  part  in  lO^. 

Blank  characterisation  proceeded  by  measuring  the  blank 
frequencies  at  3rd  and  5th  overtone  in  6  mm  diameter 
air-gap  electrodes.  Together  with  a  measurement  of  the 
thickness  using  a  digital  micrometer  a  value  of  the 
frequency  constant  for  the  unplated  blank  was  obtained. 
This  was  found  to  be  1700±50  kHz  nm. 

SINGLE  RESONATOR  DESIGN 

In  order  to  design  a  single  resonator  it  is  necessary  to 
extend  the  mathematical  treatment  to  allow  for  the 
effect  of  finite  electrodes  with  finite  mass.  Such  a 

treatment  based  on  a  wave  propagation  analysis  for 

integrated  filters  has  been  used  previously  for  the 

design  of  AT  quartz  resonators**  and  an  adaptation  of 
this  technique  has  proved  successful  in  predicting  the 
properties  of  resonators  manufactured  from  higher 
coupling  materials  such  as  163°  rotated  X?  lithium 

tantalate.  As  a  first  approximation  this  technique  has 
been  used  for  56*40'  rotated  X2  lithium  tetraborate. 
The  method  involves  treating  the  electroded  and 
unelectroded  regions  as  having  the  same  thickness,  t, 
but  separate  densities  p£  and  py*3.  Solutions  are 
obtained  for  standing  waves  in  the  electroded  region  and 
an  evanescent  wave  in  the  surrounding  region;  the 
solutions  being  matched  across  the  boundary.  For  square 
electrodes  of  length  ft  these  solutions  depend  on  the 
ratio  iA,  corresponding  to  the  hechmann  conditions  for 
quartz. 
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The  Information  required  Is  the  rotated  elastic, 
piezoelectric  and  dielectric  constants  and  an  estimate 
of  the  intrinsic  Q  of  the  material.  The  value  used  Mas 
106  at  1  MHz  by  measuring  the  Q  of  a  device  at  7th 
overtone  and  extrapolating  back  (Figure  7).  Thus 
values  of  the  fractional  mass  loading,  (defined  as  p-l 
Mhere  p£  *  p2pu)  and  resonator  Q  have  been  calculated 
as  functions  of  plateback  for  the  fundamental  and  third 
overtone  modes.  Here  plateback  Is  defined  as 
(fu-fp)/fu.  fu  Is  the  resonant  frequency  of  the  blank 
and  fp  the  frequency  after  plating.  These  are 

Illustrated  In  Figures  8  to  11  for  a  range  of  values  of 
t/t  and  were  used  as  the  design  criteria  for  energy 
trapped  resonators. 
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Figure  7  Intrinsic  Q  as  a  function  of  frequency. 

_  Extrapolated  from  resonator  q  at  third 

overtone 

o  Experimental  value  for  1,3  and  5 
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Figure  8  Differential  mss  loading  as  a  function  of 
plateback  for  the  fundamental  mode 

_  Theory 

♦  Experiment  (l/t-14) 


Figure  9 


Differential  mass  loading  as  a  function  of 
plateback  for  the  third  overtone  mode 

_  Theory 

+  Experiment  (l/t«14) 
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Figure  10  Plot  of  platback/resonator  Q  for  the 
fundamental  mode 

EXPERIMENTAL  RESULTS 


Groups  of  lithium  tetraborate  resonators  have  been 
fabricated  with  values  of  t/t  fro*  3  to  30.  The  crystal 
equivalent  circuit  parameters  and  frequency  temperature 
characteristics  of  these  devices  have  been  examined. 

EQUIVALENT  CIRCUIT  PARAMETERS 

The  equivalent  circuit  parameters  of  the  lithium 
tetraborate  resonators  have  been  determined  using  an 
automated  Masuroment  technique  previously  described  for 
the  measurement  of  quartz  resonators1*.  The  four 
S-parameters  of  the  device  are  measured  (transmission 
measurement),  then  error  corrected  using  a  standard  It 
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Figure  11  Plot  of  plateback/resonator  Q  for  the  third 
overtone  mode 


ten#  error  model  and  finally  a  non-linear  least  squares 
fit  Is  performed  using  the  transmission  coefficient, 
S2i.  A  set  of  starting  values  Is  obtained  from  an 
Initial  survey  of  the  measurements  around  series 

resonance  which  are  Iteratively  refined  to  obtain 
optimum  values  of  the  crystal  parameters  R,L,C  and 
The  measured  and  calculated  responses  are  then 
displayed.  Figures  12  and  13  show  typical  outputs  fo 
the  fundamental  and  third  overtone  mode.  Accurate, 
repeatable  measurements  of  crystal  parameters  can  be 
obtained  In  this  way  with  traceability  to  the  precision 
50  ohm  components  used  In  the  calibration  procedure.  A 
comparison  between  the  values  of  the  measured 

parameters  and  those  predicted  by  the  single  resonator 
design  program  Is  shown  In  Table  3.  The  experimental 
values  quoted  are  averaged  over  eight  resonators. 
These  results  are  discussed  below. 


FrmqOMw)  C CSR 
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Figure  12  Typical  response  of  a  fundamental  mode 

crystal  resonator,  together  with  the  best 
value  parameter  fit 
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Figure  13  Typical  response  of  a  third  overtone  mode 
crystal  resonator,  together  with  the  best 
value  parameter  fit 

FREQUENCY  TEMPERATURE  BEHAVIOUR 

The  variation  of  resonant  frequency  with  temperature  has 
been  Investigated  In  two  separate  ways. 

In  order  to  examine  the  existence  of  a  room  temperature 
zero  TCF,  an  environmental  chamber  equipped  with  both 
heating  elements  and  CO?  cooling  was  used  to  provide 
ambient  temperature  from  -20°C  to  80°C.  Accurate 
measurements  of  temperature  were  made  by  encapsulating 
the  .  zsonators  and  then  fastening  platinum  resistance 
sensors  to  the  container.  The  frequency  was  monitored 
In  two  ways.  Where  possible  an  oscillator  circuit  was 
used  Incorporating  a  12  MHz  low  pass  filter  to  prevent 
frequency  hopping  to  either  the  thickness  extenslonal  or 
higher  overtone  thickness  shear  responses.  The 
frequency  could  then  be  read  directly  from  a  counter. 
Where  this  was  not  possible,  due  to  high  Insertion 
losses  or  general  lack  of  stability,  frequencies  were 
monitored  directly  on  a  spectrum  analyser. 

The  measured  data  was  stored  on  magnetic  tape.  Analysis 
of  the  data  Involved  making  a  parabolic  fit  by  the 
method  of  least  squares.  The  results  are  summarised  In 
Figure  14.  It  Is  clear  from  these  results  that  there 
exists  a  first  order  zero  TCF  but  that  the  turnover 
temperature  Is  dependent  on  the  value  of  jt/t. 

The  frequency  temperature  characteristic  of  a  resonator 
was  measured  over  a  wider  temperature  range,  4  K  to 
300  K,  to  look  for  possible  coupling  with  other  modes  of 
vibration  which  could  give  rise  to  lower  values  of 
resonator  Q.  Automated  acoustic  loss  and  frequency 
measurements  were  made  as  a  function  of  temperature 
using  a  helium/nitrogen  flow  cryostat  system  described 
previously15.  A  slightly  modified  form  of  the  precision 
crystal  parameter  measurement  technique  was  utilised. 
The  frequency-temperature  characteristic  of  the 
resonator  Is  shown  In  Figure  15  as  a  percentage  change 
relative  to  the  frequency  at  4  K.  A  large  acoustic  loss 
occurs  In  the  50-70  K  temperature  regime  giving  rise  to 
the  discontinuity  In  the  frequency-temperature  plot. 
Discontinuities  In  the  range  85-105  K  are  Indicative  of 
coupled  nodes.  A  large  acoustic  loss  peak  at  180  K 
gives  rise  to  the  Inflection  In  the  In  the 
characteristics  In  that  region.  Above  about  100  K  the 
main  response  appears  unaffected  by  spurious  modes. 
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Figure  14  Frequency/temperature  characteristics  of 

lithium  tetraborate  resonators  for  different 
electrode  sizes.  F=ll  MHz 


Figure  15  The  frequency /temperature  characteristics  of 
a  lithium  tetraborate  resonator  from  4.2K 
to  room  temperature 
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Theoretical  calculations  have  shown  a  number  of 
orientations  of  lithium  tetraborate  offer  temperature 
stability  and  high  electromechanical  coupling.  A  study 
of  the  temperature  performance  of  a  56°40  Y  rotated 
plate  has  revealed  some  Interesting  points.  For  values 
of  Jt/t  *  30  the  frequency/temperature  behaviour  is 
approximately  linear  with  a  positive  slope  of  20  ppm/°C 
as  expected.  However  experiment  has  shown  that  as  Jt/t 
decreases  the  temperature  for  zero  TCF  decreases  rapidly 
reaching  20°C  for  t/t  «  3.  It  Is  also  noted  that  an 
Increase  In  turnover  temperaure  with  i/t  has  been 
achieved  by  replating  the  same  resonator  with  different 
size  electrodes.  In  addition  It  Is  Independent  of 
electrode  orientation  with  respect  to  the  face  axes  Xj 
and  X3.  Furthermore,  using  the  linear  temperature 
coefficients  available  a  minimum  In  the 
frequency/temperature  curve  Is  anticipated  with  a  second 
order  coefficient  of  +30.10*9°c*2  (which  Is  comparable 
to  ST  quartz)  whereas  In  practice  a  maximum  has  been 
obtained  with  a  coefficient  -300±50  x  10'9<>C*’.  It 
seems  evident  that  the  first  order  temperature 
coefficients  are  only  accurate  for  25°+5°C  and 
particularly  for  temperatures  In  excess  of  30°  higher 
order  terms  are  required. 

Measurements  of  the  electrical  parameters  of  single 
resonators  have  shown  a  number  of  Interesting 
properties;  the  most  striking  being  the  large  anomalies 
between  predicted  and  theoretical  values  for  fundamental 
responses  whilst  at  third  overtone  far  better  agreement 
has  been  obtained  (see  Table  3).  This  would  seem  to 
point  to  cross-coupling  between  the  fundamental  mode  and 
some  other  mode:  the  only  other  electrically  excited 
being  a  thickness  extenslonal  mode  with  a  frequency 
constant  more  than  double  that  of  the  fundamental  shear 
mode.  Electrical  coupling  to  this  mode  (kz  *  4£)  cannot 
explain  the  increase  In  coupling  required  to  account  for 
the  anomalously  high  platebacks  shown  In  Figure  8. 

The  measured  Q  values  for  the  fundamental  mode  are  an 
order  of  magnitude  less  than  anticipated  although  good 
agreement  has  been  shown  for  higher  overtone  modes. 
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Table  3  Summary  df  results  obtained  on  lithium  tetraborate  resonators 
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This  My  be  due  to  mechanical  coupling  resulting  In 
damping  of  the  fundamental  mode  or  loss  of  energy 
through  some  flexural  or  thickness  twist  mode. 

It  Is  possible  that  some  approximations  In  the  one 
dimensional  theory  and  the  single  resonator  theory 
breakdown  In  the  case  of  some  high  coupling  Mterlals. 
Recently  a  more  general  theory  has  solved  the  problem 
for  coupled  acoustic  modes  In  partially  contoured 
crystal  resonators*6  and  It  Is  hoped  to  extend  this  to 
flat  crystal  blanks.  Even  while  the  fundamental  mode 
behaviour  Is  not  fully  understood  It  Is  still  apparent 
that  useful  devices  can  be  made  on  lithium  tetraborate 
at  both  fundamental  and  third  overtone. 
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tr— ^  Sputtered  piezoelectric  films  are  being  studied 
for  potential  application  to  VHF  through  microwave 
frequency  acoustic  wave  devices.  This  paper  reports 
on  the  growth  and  characterization  of  C-axis  inclined 
ZnO  and  AIN  films  for  shear  wave  resonators.  Orien¬ 
tation  relationships  for  shear  wave  excitation  were 
calculated  for  these  films  which  suggest  a  nearly  pure 
shear  wave  could  be  excited  with  films  having  C-axis 
orientation  approximately  45“  from  the  surface  normal. 

At  other  angles,  quasi-shear  and  quasi-longitudinal 
waves  are  excited. 

I  The  well  oriented  ZnO  or  AIN  films  with  C-axis 

[  Inclined  from  the  film  normal  were  grown  in  a  reactive 
dc  planar  magnetron  sputtering  system  having  an  auxil¬ 
iary  anode  structure.  These  films  were  evaluated  by 
scanning  electron  microscopy (SEM)  and  BAW  device  meas¬ 
urements.  The  columnar  structure  of  the  C-axis 
crystallites,  inclined  from  the  Si  substrate  normal, 
was  clearly  visible  in  SEM.  Films  having  C-axis  in¬ 
clination  angles  up  to  45^  and  thicknesses  up  to  10 
microns  have  been  obtained.-^ - 

Composite  resonators  were  fabricated  by  sputter¬ 
ing  ZnO  or  AIN  films  onto  the  p+  Si  membrane.  Typical¬ 
ly,  these  resonators  exhibited  Q  s  of  about  5000  in 
200  MHz  to  500  MHz  fundamental  resonance  range.  Of 
particular  interest  is  the  temperature  compensation 
of  resonant  frequency.  Resonators  having  an  absolute 
temperature  coefficient  of  series  resonant  frequency 
of  less  than  1  ppm/C °  around  room  temperature  have  been 
made  for  both  ZnO/Si  and  A1N/S1  composite  structures. 

The  temperature  coefficient  of  the  ZnO  and  AIN  plate 
resonators  was  also  measured  to  be  -36.2  ppm/C“  and 
-25  ppm/C°  which  suggested  the  temperature  coefficient 
of  the  p+  Si  membrane  to  be  about  +9  ppm/C °  in  the 
shear  mode. 

Introduction 

Piezoelectric  films  of  ZnO  and  AIN  are  of  contin¬ 
ued  interest  for  the  excitation  of  bulk  and  surface 
acoustic  waves.  These  films  have  been  widely  grown  by 
various  techniques  including  M0-CVD(1 ,2) ,  plasma- 
enhanced  CVD(3),  RF  magnetron  sputtering (4) ,  DC  reac¬ 
tive  magnetron  sputterlng(5)  and  DC  triode  sputter¬ 
ing  (6).  In  most  of  these  techniques,  the  grown  films 
show  a  strong  tendency  to  grow  with  their  C-axis  per¬ 
pendicular  to  the  substrates  and  therefore  suitable 
for  longitudinal  wave  excitation  when  driven  by  an 
electric  field  perpendicular  to  the  film  plane.  A 
goal  for  many  years  in  our  group  has  been  to  obtain 
films  suitable  for  shear  wave  excitation.  This  task 
is  difficult  since  shear  wave  excitation  requires 
that  the  C-axis  of  the  ZnO  or  AIN  crystallites  lie  in 
the  substrate  plane  and  be  aligned  in  a  specific 
orientation  with  respect  to  the  substrate.  The  C-axis 
in- plane  epitaxial  films  were  found  to  be  grown  only 
on  R-plane  sapphire  using  chemical  vapor  deposition 
techniques  in  our  early  work(7,8).  At  present,  there 
is  no  satisfactory  tectmlque  for  growing  C-axis  in¬ 
plane  films  for  general  device  applications (9, 10). 

Civen  the  problem  associated  with  growing  a  C- 
axls  in- plane  film,  we  have  shifted  our  attention  to 
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the  oblique  oriented  films.  Orientation  relationships 
for  shear  wave  excitation  have  been  calculated  for  ZnO 
and  CdS  that  suggest  a  nearly  pure  quasi-shear  wave 
would  be  excited  for  films  having  C-axis  orientation 
approximately  40°  from  the  surface  normal  and  applied 
direction(ll) .  At  other  angles,  quasi-shear  and  quasi¬ 
longitudinal  waves  are  excited.  Based  on  recently  ob¬ 
tained  material  parameters  for  ZnO  and  A1N(12,13),  the 
angular  dependence  for  mode  excitation  la  calculated 
and  plotted  in  Fig.  1  where  the  coupling  coefficient 
is  given  for  both  longitudinal  and  shear  modes  as  a 
function  of  the  angle  between  the  C-axis  and  the  elec¬ 
trical  field.  As  can  be  seen  in  these  figures,  the 
quasi-shear  wave  excitation  will  greatly  exceed  the 
quasi-longitudinal  wave  excitation  at  an  angle  42°  for 
ZnO  and  at  an  angle  47°  for  AIN.  Therefore,  a  good 
shear  wave  acoustic  device  can  be  made  when  the  films 
have  C-axis  orientation  approximately  45°  from  the 
surface  normal. 

Although  C-axis  inclined  ZnO  films  have  been  de¬ 
posited  by  placing  the  substrate  at  a  90°  angle  from 
the  target(14),  the  film  thickness  variation  is  large 
and  therefore  this  film  is  not  suitable  for  device 
applications.  Recently,  oriented  ZnO  films  having  C- 
axes  about  15°  from  the  substrate  normal  have  been 
sputtered  by  locating  the  substrate  position  far  from 
the  target  center  or  tilting  the  substrate  angle  with 
respect  to  the  target(15).  This  technique  was  used  to 
make  a  shear  wave  transducer.  For  resonator  applica¬ 
tions,  however,  a  highly  oriented  piezoelectric  film  is 
needed.  This  paper  describes  our  well-oriented  ZnO 
and  AIN  films  having  C-axis  Inclination  angles  up  to 
45°  and  thicknesses  up  to  10  microns.  These  films  were 
grown  in  a  reactive  DC  planar  magnetron  sputtering 
system.  Several  high  Q  shear  wave  resonators  have  also 
been  fabricated  to  evaluate  the  quality  of  the  films. 

C-Axls  Inclined  ZnO  and  AIN  Films 

The  ZnO  and  AIN  films  were  grown  in  a  DC  planar 
magnetron  sputtering  system  having  an  auxiliary  anode 
structure.  The  reaction  chamber  is  shown  in  Fig.  2.  A 
peripheral  anode  ring  is  used  to  collect  the  electron 
current  and  help  to  prevent  arcing  to  the  dielectric 
film  and  substrate.  The  six  inch  anode  ring  has  a  four 
inch  opening  and  is  located  below  the  target  and  1  cm 
above  the  substrate.  The  electric  field  distribution 
created  by  the  anode  ring  also  has  an  apparent  orienting 
effect  on  the  growing  film.  The  general  sputtering  con¬ 
ditions  were  as  follows: 

Target:  99.9992  pure  Zn  or  Al,  5"  diameter 
Substrate:  Si,  Si02/Si  and  Al/Si 

Target-substrate  spacing:  5  cm 

Atmospheric  gas:  99.999%  pure  oxygen  or  nitrogen 

Deposition  pressure:  0.5-3  millitorr 

Substrate  temperature:  300*C  for  ZnO,  100'C  for  AIN 

Cethode  voltage:  -300  volts 

Cathode  current:  400  ellliampere  for  ZnO, 

800  millismpers  for  AIN 
Anode  voltage:  20-40  volts  dc 
Growth  rats:  3  pn/hr  for  Zno,  1.5  ym/hr  for  AIN 
Cathode  and  anode  voltages  were  measured  relative 
to  the  grounded  substrate.  Typically,  eubstrates  were 
placed  1"  from  the  target  center  in  order  to  obtain  a 
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more  uniform  flla.  To  promote  plasma  stability  and  to 
obtain  battar  flla  quality,  tha  anode  voltage  was  kept 
In  tha  20  to  40  volt  range.  Whan  30  volts  dc  anode 
voltage  was  applied,  a  ZnO  or  AIN  film  with  C-axis 
Inclined  approximately  30*  froa  the  film  normal  was 
obtained.  This  flla  was  oriented  with  the  crystallo¬ 
graphic  C-axis  preferentially  aligned  and  directed 
toward  the  target  center.  A  scanning  electron  micro¬ 
scope  (S  EM)  photograph  of  a  cross-section  of  a  6  itn 
thick  AIN  film  is  shown  in  Fig.  3.  Here  the  columnar 
structure  of  the  C-axis  is  clearly  visible.  In  order 
to  achieve  films  with  C-axis  4S’  from  the  film  normal, 
the  wafer  was  tilted  13*  froa  base  plate  normal  to 
obtain  an  oblique  deposition.  However,  the  thickness 
variation  due  to  oblique  deposition  degraded  the 
quality  of  the  film  and  resulted  in  lower  Q  shear 
resonant  responses.  In  general,  films  having  a  30° 
inclination  angle  were  used  for  the  quasi-shear  wave 
resonators  in  this  work.  Their  thickness  variation 
was  about  0.5X  per  millimeter  as  estimated  from  meas¬ 
urements  made  in  the  SEM. 

The  substrates  used  here  included  (100)Si, 
thermally  grown  oxide  on  Si  and  sputtered  A1  film  on 
Si.  No  significant  differences  of  the  film  structure 
on  these  substrates  were  found.  It  appears  that  the 
substrates  used  to  grow  normal  oriented  ZnO  or  AIN 
films  can  also  be  used  to  grow  these  C-axis  inclined 
films. 

Electrical  characterization  of  the  material  is 
done  in  the  resonator  configuration  described  in  the 
following  sections  and  detailed  in  previous  publi- 
cations (16-19). 

Shear  Wave  Resonators 

Shear  wave  composite  resonators  were  fabricated 
using  the  sputtered  films  on  Si  membranes.  The  con¬ 
figuration  of  the  composite  resonator  is  shown  in  Fig. 
4.  The  fundamental  parallel  resonant  frequencies  of 
the  resonators  are  plotted  in  Fig.  S  ai  a  function  of 
Si  thickness  for  several  values  of  ZnO  or  AIN  thick¬ 
ness.  In  general,  the  fundamental  resonant  frequency 
is  in  the  range  from  200  MHz  to  400  MHz  for  as-fabri¬ 
cated  ZnO/Sl  resonators  while  A1N/S1  resonators  have 
a  somewhat  higher  resonant  frequency  range  from  300 
MHz  to  500  MHz  in  this  study.  For  a  resonator  com¬ 
posed  of  2.8  pm  of  ZnO  and  7  pm  of  Si,  a  series  Q  of 
3900  was  measured.  A  high  parallel  Q  of  6900  was 
also  obtained  for  a  resonator  having  2.0  pm  AIN  and 
6.3  pm  Si.  Typically  the  resonator  Q  was  found  to  be 
in  the  3000  to  7000  range.  The  phase  and  absolute 
value  of  the  impedance  around  fundamental  resonant 
frequencies  were  computed  and  plotted  as  shown  in  Fig. 
3.  The  series  and  parallel  resonant  frequencies  of 
these  resonators  are  also  shown  on  the  Smith  Chart 
in  this  figure.  Some  nearby  spurs  on  the  high  fre¬ 
quency  side  were  also  detected. 

Edge-only  supported  ZnO  and  AIN  plates  were  also 
fabricated  in  order  to  evaluate  their  shear  wave 
velocities  and  temperature  coefficients.  To  construct 
these  plate  resonators,  a  ZnO /Si  or  A IN /Si  composite 
resonator  was  first  fabricated.  Then  a  CF^  gas 

plaaaui  etch(20)  was  used  to  remove  the  Si  membrane 
from  under  the  ZnO  plate.  AIN  plates  were  found  to  be 
mechanically  more  rugged  than  ZnO  plates.  ZnO  plate 
bowing  was  observed  if  the  plate  thickness  was  less 
than  3  pa.  The  impedence  plots  and  Smith  Charts  for 
a  3.5  pm  thick  ZnO  plate  and  a  3.8  pm  thick  AIN  plate 
resonator  are  shown  in  Fig.  6.  The  fundamental  shear 
wavs  resonant  responses  were  measured  at  407.33  MHi 
and  734.45  Ms  for  ZnO  and  AIN  respectively.  The 
correspondent  shear  acoustic  wave  velocities  were  cal¬ 
culated  to  be  2830  m/sec  for  ZnO  and  3383  n/sec  for 


AIN.  The  resonator  Q  was  found  to  be  In  the  range  of 
only  1000  to  2000  for  these  devices  due  to  a  parasitic 
transducer  effect  existing  at  the  overlap  of  the  bond¬ 
ing  pad  onto  the  substrate  p+  region. 

Temperature  Compensated  Composite 
Shear  Wave  Resonators 

The  temperature  coefficient  of  the  resonators  was 
determined  by  placing  the  resonators  at  the  end  of  a 
coaxial  cable  in  an  environmental  chamber  and  measur¬ 
ing  the  series  resonant  frequencies  as  a  function  of 
temperature  from  -20°  to  +1 20 °C.  Resonators  having  an 
absolute  temperature  coefficient  of  less  than  1  ppm/C* 
around  room  temperature  have  been  found  for  both  ZnO/Sl 
and  AIN /S 1  composite  structures.  The  temperature  co¬ 
efficients  of  the  nearly  compensated  composite  reso¬ 
nators  are  shown  in  Fig.  7  along  with  those  of  AT-cut 
quartz.  The  ZnO/Si  resonator  was  composed  of  0.85  pm 
ZnO  on  8  pm  p+  Si  membrane  while  the  AIN /Si  resonator 
had  2  IM  AIN  and  6.3  pm  p+  Si.  The  resonant  Q  a  were 
approximately  4000  for  both  resonators.  Also  shown  in 
these  figures  are  the  temperature  coefficients  of 
quasi-shear  wave  ZnO  and  AIN  plate  resonators.  The 
temperature  coefficient  for  ZnO  was  shown  to  be  -36.2 
ppm/C°  and  AIN  was  found  to  be  -25  ppm/C°  around  room 
temperature.  No  parabolic  temperature  behavior  was 
detected  in  the  measurements. 

It  is  apparent  that  the  ZnO  and  AIN  films  effec¬ 
tively  compensate  the  p+  Si  membrane  to  give  an  over¬ 
all  temperature  coefficient  near  zero.  Based  on 
linear  elastic  theory,  the  p+  Si  appears  to  have  a 
positive  temperature  coefficient.  In  order  to  study 
the  temperature  compensation  mechanism,  temperature 
coefficients  were  measured  near  room  temperature  for 
different  Si  to  ZnO  and  Si  to  AIN  thickness  ratios. 

The  results  are  shown  in  Fig.  8.  The  temperature  be¬ 
havior  exhibited  for  these  devices  will  agree  with 
linear  elastic  theory  if  p+  Si  is  considered  as  a 
homogeneously  doped  membrane  and  its  temperature  co¬ 
efficient  is  assumed  to  be  4-9  ppm/C*  around  room  temp¬ 
erature.  The  temperature  coefficients  of  these  com¬ 
posite  structures  are  plotted  in  Fig.  8  using  the 
above  assumptions.  As  can  be  seen,  the  experimental 
data  are  closely  fitted  to  the  theoretical  calcula¬ 
tions. 

The  experimental  results  for  a  positive  temper¬ 
ature  coefficient  in  p+  silicon  corresponds  with 
theories  for  heavy  doping  in  semiconductors (21, 22) 
and  is  a  fundamental  effect.  Fig.  10  shows  the  approx¬ 
imate  theoretical  prediction  for  shear  wave  reaonance 
in  boron  doped  Si  as  a  function  of  doping  concentra¬ 
tion.  Dashed  lines  show  the  approximate  boundary  re¬ 
gions  for  the  Si  membrane  used  in  our  study. 

Conclusion 

Piezoelectric  ZnO  and  AIN  films  having  C-axes 
oriented  up  to  45*  from  the  film  normal  have  been 
grown  on  Si  substrates  in  a  reactive  DC  magnetron 
sputtering  system.  The  quasi-shear  acoustic  wave 
velocities  were  found  to  he  2850  m/eec  for  ZnO  and 
5585  for  AIN  as  measured  on  films  having  C-axle  30* 
inclined  from  the  film  normal.  Tha  temperature  co¬ 
efficients  of  these  shear  wave  resonators  were  also 
measured  to  be  -36.2  ppm/C*  for  ZnO  and  -23  ppm/C*  for 
AIN  around  room  temperature .  Temperature  compensated 
composite  resonators  with  the  absolute  temperature  co¬ 
efficients  of  the  aeriss  resonant  frequency  less  than 
1  ppm/C*  have  also  bean  obtained.  These  devices 
could  be  very  important  for  practical  resonator 
applications. 
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-4  The  calibrated  formula  reported  In  Sawyer  '72  S 
that  predicts  Q  capability  from  measurements  of 
extinction  coefficients  at  3500  ji  has  been 
re-examined  on  a  broader  basis.  Quarts  aamples  from 
four  growers  have  been  aeasured  for  Infrared  traasaltt- 
ances  at  the  three  wave  numbers;  3585,  3500,  and  34£0, 
using  most  of  the  suggestions  in  Brice  and  Cole  '78  ). 
In  addition,  matched  pieces  of  each  of  the  samples  were 
made  Into  Warner's  design  5 -MHz  fifth-overtone  reson¬ 
ators  by  one  or  more  of  five  manufacturers  for  Q- 
measurement  use.  ^ 

Earlier  calibrations  were  generally  confirmed  for 
quarts  grown  In  both  the  carbonate  and  hydroxide 
processes.  However^  a  small  differential  in  absorption 
of  about  0.013  cm  between  3500  and  the  3800  reference 
wave  number  was  found  to  occur  In  the  beam  condenser 
used  In  the  Sawyer  '72  work,  using  a  Beckman  Ik 10  prism 
Instrument.  The  succeeding  generation  of  spectrophoto¬ 
meters  utilised  more  Intense  IR  sources,  and  gratings, 
which  meant  that  beam  condensers  ware  not  needed.  For 
Instruments  without  beam  condensers,  the  Sawyer  curve 
should  be  revised:  moved  0.013  alpha  units  lower  toward 
the  Fraser-Rudd  curve  (See  Figs.  1  4  2  In  Sawyer  '72  ). 
This  matters  little  when  getting  Q  Indications  from 
large  alphas,  but  results  In  increasingly  overstated 
Q's  as  the  alphas  become  small,  when  the  old  formula  Is 
applied,  as  It  usually  Is  today,  to  alphas  measured 
without  a  beam  condenser.  In  fact  these  measurements 
Indicate  that  three  of  the  four  earlier  calibration 
formulas  mentioned  by  Brice  and  Cole  yield  more  or  leas 
overstated  Q's  as  used  today,  the  exception  being  the 
Fraser-Rudd  one,  idilch  slightly  understates. 

Of  course  each  of  these  formulas  Is  as  useful  as 
before  for  ranking  samples  In  Q  order,  and  for  testing 
to  calibrated  Q  tolerance  Halts.  The  news  here  Is 
confirmation  that  Q's  are  mostly  being  overstated  at 
the  low-alpha,  hlgh-Q  ends  of  the  curves.  Ravlsad 
Sawyer  and  other  curves  are  easily  derived  If  needed, 
but  are  not  raportad  hare  to  avoid  confusion.  Instead  ■ 
a  preliminary  Q/mlphm^  curve  (adjusted  slightly  from 
Brice's  curve  because  no  polarisation  correction  was 
used  here)  Is  given  as  follows; 

106/Q  -  5.92  alpha 


In  Sawyar  '72  a  prefaranca  was  choean  for  a  small 
slit  image  over  a  circular  ooa  because  it  permitted 
high  spatial  resolution  of  alpha  variations  as  plotted 
In  a  Z-travarse  of  a  T -section.  In  the  present  work  a 
matched  slit  preference  was  retained.  The  silt  use  and 
the  absence  of  a  rotating  sample  stage  make  polarisa¬ 
tion-averaging  as  recommanded  by  Brice  Impractical. 

BotJ  formulas  in  alpha  the  one  in  Brice  and 

Cole  '78  ),  and  the  one  above  are  offered  for  general 
purpose  use,  each  repeatable  on  differing  machines. 
Brice  and  Cole's  will  be  prefersble  for  averaging  over 
a  circular  aperture  area  and  polarisation  averaging: 
the  above  one  for  slit  plotting  of  alpha  with 

calibrated  results.  This  formula  la  still  preliminary 
In  that  not  all  Q  results  have  been  received,  and  some 
modification  may  be  Indicated,  though  little  or  none  Is 
expected . 

This  recalibration  will  pose  some  questions  for 
those  who  wish  to  use  the  recent  IEC  and  EIA 
standardised  Q  categories.  It  seems  clear  that  the 
category  llmlta  In  Table  I  were  Intended  for  use  on  the 
scales  set  by  the  -w>st  used  formulas  In  alpha  and 
alpha  ^  ^  ,  which  tend  to  give  overstated  Q's.  to  be 

complete  When  specifying  an  Indicated  Q  It  will  be 
necessary  to  state  which  wave  number  and  which  Q 
formula  Is  being  used. 

For  example,  a  quarts  sample  idilch  tested  at  an 

Indicated  Q  of  3.1  million  using  the  Sawyer  '72  formula 

without  a  beam  condenser  should  yield  an  Indicated  Q  of 

2.4  million  from  an  alpha  ....  measurement  and  use  of 

3410 

the  above  Sawyer  *83  formula.  The  difference  In  the 
Indications  does  not  reflect  any  change  In  the  quarts; 
only  the  result  of  a  small  differential  no  longer  lost 
In  a  beam  condenser,  rtiose  effect  is  magnified  by 
taking  reciprocals  of  small  numbers. 
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TABU  X 


effects  or  recaubrations  on  sat  q  categories 


IEC 

Q*106 

E1A 

"■"**3500 

BBCALIB 

CODE 

LIMITS 

15 

la 

BT  SAM. *72 

SAM. '83 

3.8 

0.02 

2.76 

A 

3.0 

3.0 

0.03 

2.29 

B 

2,* 

0.04 

1.96 

2.2 

2.2 

0.045 

1.83 

C 

1.8 

1.8 

0.59 

1.53 

D 

1.0 

1.0 

0.119 

0.91 

E 

0.5 

0.5 

0.256 

0.48 
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SUMMARY 


We  report  herd  a  convenient  laboratory  method  for 
hydrothermal  p-V-T  measurements  and  give  pressure  data 
in  1.0m  NaOH  saturated  with  quartz  as  a  function  of 
temperature  up  to  >450*C.  Measurements  were  made  at 
percent  fills  from  65-891  in  isothermal  laboratory 
vessels  and  in  autoclaves  with  temperature  differences 
like  those  in  quartz  growth.  These  results  are 
compared  with  pressures  measured  on  production  sized 
equipment.  The  results  are  used  to  establish  the 
temperature  at  which  the  gas  phase  disappears  under 
various  conditions.  Above  this  temperature is 
constant  and  rather  large.  p  u 

One  application  of  these  data  is  to  establish  safe 
operating  conditions  for  the  autoclaves  used  for 
production  growth  of  quartz.  Specifically,  the  steels 
used  for  construction  of  such  autoclaves  are  brittle 
below  a  specific  temperature  which  Increases  slowly 
with  service.  The  present  p-V-T  data  can  be  used  to 
assure  that  high  pressures  are  avoided  at  temperatures 
where  the  autoclave  is  brittle. 

INTRODUCTION 

Commercial  hydrothermal  growth  of  single  crystal 
a-quartz  has  been  practiced  for  more  than  twenty  years. 
It  is  arguably  second  only  to  Si  in  its  importance 
to  electronics.  The  hydrothermal  mineralizer  or 
solvent  used  is  either  NaOH  or  Na2C03  and,  particularly 
in  the  case  of  the  more  generally  used  NaOH,  both  the 
physical  chemistry  and  crystal  growth  aspects  have  bean 
quite  extensively  studied.  Including  phase  relations ,'3) 
aolubility, '*)  growth  kinetics,'3'  distribution  of 
impurities  (especially  OH) , '*)  perfection^5)  and 
electrical  properties’6)  of  grown  quartz.  However, 
the  pressure-volume-temperature  relations  for  neither 
Na2(X>3  nor  NaOH  for  stinerallzer  solutions  saturated 
with  quartz  have  been  determined.  p-V-T  data  for 
aqueous  solutions  of  NaOH'**®»9)  and  Na2COM7)  are 
available,  but  their  relationship  to  the  silica 
saturated  solution  used  in  quartz  growth  is  tenuous. 

For  our  purposes  the  system  HyO-NaOH-SlOo  is  of 
particular  Interest  since  it  la  most  used  and  probably 
most  studied.  We  have  directed  our  stud las  to  it 
and  have  adopted  it  for  production.'3®)  In  the  paper 
of  Kolb  at  al,01)  we  reviewed  the  literature, 
summarising  p-V-T  measurements  In  hydrothermal 
mineralizers  and  described  a  technique  and  equipment 
for  rather  rapid  p-V-T  measurements  which  we  applied 
to  the  AlFOg  system  and  which  can  be  easily  applied 
to  other  saturated  hydrothermal  syatems.  As  a  result 
of  this  work  and  our  research  and  factory  experience 
with  quartz.  It  la  our  belief  that  p-V-T  measurements 
in  the  system  H2O-NaOH-Si02  would  be  particularly 
useful.  A  more  extended  version  of  this  study 
Including  experimental  details  and  calibration  la 
available  In  a  recent  report'12*  ao  we  summarize  here 
only  major  results  of  interest  to  quarts  growers. 

^Reprinted  (Adapted)  from  The  Ball  System  Technical 
Journal.  Copyright  1983,  AT4T. 


RESULTS  AND  DISCUSSION 
p-V-T  Behavior  of  H?Q-Sa0H-S10-i 

Figure  1  shows  the  p-T  behavior  of  1.0m  NaOH 
saturated  with  S102  at  various  fills.  1.0m  NaOH  was 
chosen  so  as  to  be  comparable  to  conditions  used  In 
commercial  growth.  Figure  1(a)  dhows  the  low 
pressure  region  while  Figure  1(b)  covers  higher 
pressures.  The  line  A-B  is  the  coexistence  curve. 

The  fills  shown  on  the  abscissa  are  based  on  the 
initial  cold  volumes  of  solution  and  autoclave  and 
no  correction  for  temperature  or  pressure  dllltatlon 
of  the  vessel  is  made  to  them.  In  reference  (12) 
these  corrections  are  discussed  and  applied  as  are 
measurements  in  H20-Na0H,  Along  the  curve  A-B, 
liquid  and  vapor  saturated  with  quartz  coexist.  As 
can  be  seen,  at  a  particular  fill  once  the  autoclave 
has  filled  with  liquid,  the  pressure  departs  from 
the  coexistence  curve  and  is  linear  with  temperature; 
(aT/Zf*  thC  Blopc  of  the  p~*  curveB  at  constant  Zf  is 

constant  and  greater  at  higher  Z  fills.  Indeed  the 
data  of  Figure  1(a)  may  be  used  to  show  the  temperature 
at  which  the  system  departs  from  the  coexistence  curve 
as  shown  in  Figure  2. 
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Figure  1  -  (a),  (b)  p-T  behavior  of  l.Ou  HaOH 
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Relationship  to  Autoclave  Eabrlttlemsnt 

Figure  3  shove  the  brittle-ductile  transition  of 
sons  autoclave  steels  as  a  function  of  exposure  tine 
at  quartz  production  conditions  (3S0*C  crystallization 
teaperature,  400*C  nutrient  teaperature  with  the  usual 
'v.18  hr  vara  up  and  ^>24  hr  cool  down  and  typical  run 
tine  of  ''■30  days).  Further  Identification  of  the 
steels  la  given  in  reference  (13) .  The  data  of 
Figure  3  vara  obtained  by  Charpy  inpact  aeasurenent/.  3) 


Figure  2  -  Tasperature  et  vhich  autoclave  fills  for 
1.0a  Ka08  saturated  with  quart*  as  a 
function  of  initial  fill. 


Figure  3  -  Brittle-ductile  transition  of  autoclave 

steels  as  a  function  of  tins  at  350-400*C. 

The  autoclave  operating  conditions,  prlnarily 
fill,  should  be  chosen*  such  that  high  pressure  Is  not 
developed  until  the  tesperature  la  above  the  brittle 
range.  On  a  practical  basis,  this  requires  that 
conditions  be  chosen  using  date  in  Figures  2  and  3 
so  that  pressures  do  not  depart  from  the  coexistence 
curve  until  the  autoclave  tesperature  is  In  the 
ductile  region.  For  exaaple,  froa  Figure  3,  an 
autoclave  with  80,000  hours  of  exposure  (about  10  years 
at  a  typical  90Z  duty  cycle)  will  be  brittle  for 
teaperatures  below  140-175*0.  Frou  Figure  2,  this 
suggests  that  fill  should  be  Halted  to  90Z.  Thus 
p-V-T  data  are  very  useful  in  establishing  safe 
operating  conditions  end  ahould  be  obtained  for  other 
ninerallzere  and  conditions  used  In  coaaerclal 
hydrothermal  processes. 

Effect  of  Teepereture  Differentials 

For  practical  crystal  growth,  saturation  occurs  In 
a  hotter  lover  region  of  the  autoclave  containing 
relatively  finely  divided  quartz  nutrient  and  growth 
takes  place  in  an  upper,  supersaturated,  cooler  region 
containing  seeds.  To  obtain  Information  about  the 
effect  of  teepereture  differentials  on  measured 
pressures,  a  series  of  experlsemts  in  non-iso thermal 
vessels  was  conducted.  All  experiments  were  done  in 
1.0m  NaOH  saturated  with  quarts  at  various  fills. 

Figure  4  suamzrlzes  these  results.  He  designate 
temperatures  as  follows: 

Ti  ■  Upper  cooler  teepereture  region  of  autoclave 

T2  ■  Mid  point  teepereture  of  autoclave 

I3  «  Lover  hotter  teaperature  region  of  autoclave 
iTj  ■  Tj  -  Tj  (Tj  *  constant) 

AT2  »  T2  -  Tj  (Tj  **>  constant) 

As  can  be  seen  pressure  is  approximately  linear 
with  AT 1  and  AT 2-  Figure  4  can  be  used  to  estimate 
the  correction  necessary  for  converting  isothermal 
data  to  AT  data.  It  is  Interesting  to  point  out  thet 
neither  hotter  lover  region,  upper  cooler  region,  nor 
average  teaperature  determine  pressure,  hut  a  fair 
fit  can  be  obtained  uelng  an  average  weighted  in  favor 
of  the  upper  cooler  teaperature. 

For  exaaple,  coneider  Table  1,  made  from  the  data 
of  Figure  1  aed  Figure  A,  for  83  Zf ■  la  KaOR  saturated 
with  Site.  Ooluan  (a)  la  the  upper  cooler  teaperature 
region  of  the  autoclave  (Tj) ,  Column  (b)  the  aaaosrad 
pressure,  Colutm  (c)  the  teaperature  difference  AT}, 
Colton  (d)  the  temperature.  t(,  Shiah  give#  the  earns 
pressure  In  en  isothermal  autoclave,  Galeae  (a) 
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ATj  ■  T*  -  T,  and  Colton  (f)  iTj/iT^.  If  ths  average 
teaperature  detaradnad  tha  pressure  In  a  non- 
lsotherael  autoclave,  than  AT3/AT1  *  0.5.  Aa  can  ha 
scan  froa  Column  (f)  tha  avaraga  la  valghtad  toward 
tha  upper  coolar  taaparatura  ration  and  tha  weighting 
factor  la  reasonably  constant. 


at  rc> 


Figure  A  -  p-T  behavior  of  1.0a  NaOH  saturated  with 
quarts  as  a  function  of  teaperature  as 
defined: 

AXl  ■  T  _  T 

1  Upper  cooler  region  Lower  hotter  region 

and 

iT2  *  Titld  TUpper  cooler  region 

The  pressure  Is  of  course  uniquely  determined  by 
a  knowledge  of  local  density  and  temperature  anywhere 
In  the  vassal.  For  example,  in  a  vessel  whose  average 
Zf  is  832,  If  the  AT  Is  50*C  with  a  top  temperature  of 
350*C,  the  observed  pressure  Is  22,180  psl  (1530  bar). 
Using  Isothermal  data  for  Zf  and  taking  density  as 
Zf/100,  this  suggests  a  local  density  of  0.85  g/cc  for 
the  region  at  350*C  and  0.79  g/cc  for  the  region  at 
400*C.  These  densities  are  clearly  subject  to  some 
errors  since  they  are  based  on  initial  Z  fijls  and 
do  not  Include  contributions  due  to  dissolved  solutes. 
Procedures  of  this  sort  might  be  used  to  calculate 
density  gradients  and  hence  be  used  to  calculate  the 
driving  force  for  convective  circulation  In  tha  system, 

TABLE  1 


Upper  Coolar 
Teaperature 
legion  of 
Autoclave 
<Ti) 

Pressure 

P 

ATi 

Tg  to 
Give  P  In 
Isothermal 
Autoclaves 

bX* 

iT3  li¬ 

rc) 

(psl) 

(*C) 

(*C) 

re) 

350 

23,250 

75.0 

368 

18  .240 

350 

23,000 

67.5 

367 

17  .252 

350 

22,000 

45.0 

361 

11  .244 

350 

21,000 

22.5 

356 

6  .267 

350 

20,000 

0.0 

350 

0 

Comparison  of  Laboratory  and  Factory  Measurements 

p-T  measurements  were  made  on  a  production  crystal 
growth  vessel  filled  with  nutrient,  5Z  baffle  and  seeds 
and  using  the  heater  placement  and  power  Inputs  iwiimal 
for  commercial  growth.  Tha  volume  of  tha  vassal  mas 
determined  by  filling  with  water  to  the  corrosion  mark 
Indicating  where  the  seal  ring  had  rested  in  the 
previous  run.  Volume  corrections  were  made  for  the 
leads  In  the  cover.  Capillary  lead  tubing  and  pressure 
Bourdon  gauge  were  filled  with  water  using  procedures 
similar  to  those  of  the  laboratory.  The  vessel  was 
filled  to  a  nominal  fill  of  83Z  with  lm  HaOH  end  warmed 
from  room  temperature  to  operating  conditions:  3S0°C 
(crystallisation  temperature),  400*C  (nutrient  region), 
AT  50*C  In  a  period  of  18  hours.  During  the  warm  up 
temperatures  and  pressures  were  recorded  and  are  shown 
in  Figure  5. 


Figure  5  -  Pressure-temperature  of  1.0m  HaOH  4-  quarts 
In  coamercial  autoclaves  during  warm  up  and 
cool  down. 

The  results  are  compared  with  Isothermal  labora¬ 
tory  data  for  83  and  86  Zf.  Careful  examination  of  the 
ring  seating  region  at  the  conclusion  of  the  run  and 
calculations  of  the  volume  from  the  autoclave 
dimensions  lead  us  to  conclude  that  the  true  Z  fill  in 
tha  vessel  was  84  +  0.5Z.  On  this  assumption  we  can 
sea  that  the  pressures  obtained  are  In  reasonable 
agreement  with  Isothermal  laboratory  data. 

CQWCLU510HS 

A  reasonably  rapid  and  convenient  method  tor  the 
measurement  of  the  pressures  of  saturated  hydrothermal 
solutions  of  tha  sort  used  In  crystal  growth  has  been 
developed  and  applied  to  the  determination  of  p-V-T 
relations  in  1.0m  HaOH  and  1.0  HaOH  saturated  with 
quarts  at  degrees  of  fill  from  6J-89Z,  pressures  up 
to  "'*30,000  psl  (2070  bar)  and  temperatures  up  to 
"VASO’C. 

After  about  "vlO  years  of  service  the  brittle- 
ductile  transition  of  autoclave  steel  Increases  to 
,'>170*C  so  that  substantial  pressures  should  be  avoided 
below  that  temperature.  Tha  p-V-T  data  are  uaad  to 
show  tha  relationship  between  initial  fill  and 
temperature  at  which  the  pressure  departs  from  the 


* 


coexistence  curv«  •ndf-§SlM  bccoau  large.  Him*  data 

aay  ba  used  as  a  guide  for  the  choice  of  eafe  operating 
conditions. 

Pressure  neasuraaents  ware  node  on  autoclaves 
with  temperature  differentials  and  the  data  were 
related  to  pressure  neasuraaents  on  isothernsl  vessels. 
A  weighted  average  tanperature  (weighted  In  favor  of 
the  upper  cooler  region)  for  the  tanperature 
differential  reproduced  the  isothermal  measurements. 

On  the  assumption  that  local  density  and  tanperature 
determine  pressure,  p-V-T  data  can  be  used  to  estimate 
density  differentiae  associated  with  typical  tempera- 
tura  differences  (AT).  A  AT  of  50*C  at  350*C  growth 
temperature  for  83  If  1 .On  NaOH  saturated  with  quarts 
producea  a  denalty  differential  of  •'■0.06  g/cc. 

Finally  pressure  neasuraaents  were  aade  on  large 
scale  factory  autoclaves  under  conditions  of  connerclal 
growth  and  these  neasuraaents  are  con pared  to 
laboratory  results. 
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— -^Standard  characterization  technique ■  have  been  de¬ 
veloped  for  the  da  tend  nation  of  the  Q  and  the  etch 
channel  denalty  of  hydro thermally  grown  single  crystal 
alpha  quarts.  Y-cut  slices,  for  Infrared  Q  evaluation, 
and  AT-cut  slices,  for  etch  channel  da  tend  nations, 
were  respectively  lapped  to  a  three  nlcron  finish  at  a 
final  thick nas«.  of  6.35—  40.03—. 

4  o * 

In  order  to  properly  characterise  the  Q  of  the  as- 
grown  quarts,  the  aa— le  should  be  linearly  translated 
through  the  bean  so  that  a  couplets  profile  along  the  Z 
axis  Is  obtained.  To  ellelnate  differences  due  to  av¬ 
eraging  techniques,  the  naxteun  alpha  value  calculated 
from  the  scan  should  be  euployed  to  safely  characterise 
the  Q  of  the  quarts.  Utilising  standard  ssuples,  the 
repeatlblllty  of  any  alpha  value  was  found  to  be  less 

than  or  equal  to  40.004.  ^ - 

f  - 

To  determine  the  etch  channel  density  of  as-grown 
alpha  quarts,  a  standard  etching  procedure  and  sample 
measurement  procedure  has  bean  formulated.  Repeatable 
channel  densities  have  been  obtained  utilising  a  24.0 

molal  NH^HFj  solution  at  T  -  73°C  to  etch  from  4  to  8 

•apples  for  two  hours.  After  etching,  a  0.25  cm  x  0.25 
cm  grid  Is  scribed  on  each  AT  slice.  In  the  pure  Z  re¬ 
gion,  and  the  ch annals  are  counted  In  each  grid  area 
with  the  aid  of  a  30x  microscope .  The  average  etch 
—2 

channel  density  (cm  )  Is  then  calculated  for  the  sam¬ 
ple. 

Introduction 

■meant  applications  for  quarts  resonators  and  os¬ 
cillators  require  tighter  tolerances  for  performance 
under  hostile  environments.  These  tighter  tolerances 
translate  Into  higher  reliability  In  component  charac¬ 
teristics  along  the  chain  of  manufacture.  Unlforn  and 
predictable  component  properties  are  obtained  through 
proper  characterisation  procedures  and  traceability 
throughout  the  manufacturing  process.  The  first  link 
In  the  manufacturing  chain  la  the  growth  and  charac¬ 
terisation  of  the  alpha  quarts.  Two  properties  of 
Interest  to  constaers  of  alpha  quarts  are  Its  Q  value 
and  Its  etch  channel  density.  To  aid  those  Involved  In 
quarts  manufacture,  standard  procedures  for  the  charac¬ 
terisation  of  hydro  thermally  grown  alpha  quarts  with 
respect  to  Q,  as  determined  by  the  Infrared  technique, 
and  p,  etch  channel  density,  are  presented  in  this 
paper. 

HI thin  a  score  of  years  a  nvaher  of  different 
techniques  and  aquations  have  been  presented  for  the 
characterisation  of  quarts  with  respect  to  Q  by  the  In¬ 
frared  technique/1"*^  gens  of  the  techniques  Involved 
scanning  the  seep la  along  the  optic  sals  at  fined  wave- 
lengths  while  others  aepleyed  a  stationary  sample  with 
the  wavelength  changing.  Little  information  mss  svsil- 
ahla  with  respset  to  sample  prep  station  and  the 
sissurmmast  variables  present  daring  the  datetnlnatlena 
•leas  the  detamdaatloa  ef  the  Q  of  quarts  by  the  lm- 
f rased  rashmAqns  asm  e«2y  serve  as  s  rases— ils  —pram 
fascism  of  its  true  rates,  s  coop  lata  and  standard 


method  of  sample  preparation  sad  evaluation  has  been 
developed. 

Another  property  of  interest  Is  the  etch  channel 
density  of  alpha  quarts.  It  Is  important  to  be  able 
to  confidently  process  alpha  quartz  into  reaonatora 
which  will  exhibit  the  desired  performance  require¬ 
ments  .  Data  gathered  over  s  period  of  years  show  that 
resonators  fabricated  from  low  etch  channel  density 
quartz  have  superior  mechanical  strength  than  those 

fabricated  from  higher  channel  density  quarts. ^ 

Also,  If  low  etch  channel  density  alpha  quarts  can  be 
routinely  produced,  then  chemical  etching  or  polishing 
techniques  can  replace  certain  mechanical  lapping  pro¬ 
cedures  which  would  greatly  reduce  the  mmber  of 
manipulative  transfers.  This  would  allow  the  greeter 
employment  of  photolithographic  techniques  in  blank 
manufacture.  It  would  also  allow  for  the  production  of 
a  greater  variety  of  blank  geometrlee  which  would  be 
difficult  to  produce  by  mechanical  means. 

To  determine  the  etch  channel  denalty  of  as-grown 
alpha  quarts,  a  standard  etching  procedure  has  been 
formulated.  Included  In  this  procedure  arm  standardi¬ 
zations  of  the  concentration  of  the  etching  solution, 
volume  of  etching  solution,  etch  ta— erature  and  time, 
number  of  samples  par  etching  load  and,  the  method  of 
channel  density  measurement  on  the  etched  a rap las. 
Typical  etch  channel  denalty  variations  within  a  crys¬ 
tal,  aa  well  as,  within  a  growth  run  have  also  been 
determined. 

Experimental 

Sample  Preparation  Technique 

The  preparation  of  the  samples  for  both  Infrared 
and  etch  channel  determinations  was  Identical.  Figure 
1  summarises  the  essential  features  of  the  preperatlon 
technique  employed.  The  alpha  quarts  crystal  or  crys¬ 
tal  section  la  mounted  on  flat  glass  with  a  quick 
setting  adhesive.  The  minus  X  surface  la  In  contact 
with  the  glass.  The  crystal  la  than  clasped  in  posi¬ 
tion  so  that  a  slice,  approximately  6.4am  in  thickness, 
la  cut  from  the  crystal  or  section  with  a  diamond  blade 
rotating  at  approximately  3000  rpa.  A  Y-cut  alias  la 
removed  for  the  infrared  measurement  and  AT-eut  slice 

(35.25*),  from  the  aa—  crystal  or  section,  la  removed 
for  the  etch  channel  measurement.  Both  silo—  an  da- 
bonded  from  the  flat  glass  plate,  cleaned  raid  than 
nested  In  carriers  for  lapping.  The  slices  arm  lapped 
first  with  25  micron  abrasive  and  than  finished  with 
three  micron  ahr— lvs  to  a  final  thickness  of  6.35nm 
40.03am. 

Inatnraaptatlon 

A  Beckman  ACTA  MIT  spectrophotometer  was  employed 
for  the  determination  of  Q  by  the  Inflated  technique. 
The  wavelength  accuracy  gad  resolution  ef  this  tnatm- 
mnt  la  batter  thaa  42.5—  and  41.2—  respectively. 

The  lapped  slice  la  placed  In  dn  Inetr— t  bp— ert 
ran*  —  that  the  feeal  point  ef  — e  bn—  la  teen— d  at 
the  ea—riag  fa—  ef  the  all—.  A  1.5—  *  6.39—  ree* 
n— tit  aperture  to  located  Mte—a'tM  infrared 
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•cure*  and  the  slice  balsa  scanned.  m  l.Sa  width 
la  parallel  to  tha  Z  axla  and  C.SSsn  length  la  par- 
allal  to  tha  X  axla.  Tha  (Ilea  la  than  linearly 
translated  through  tha  baaa  so  that  a  ceaplsts  pro¬ 
file  alone  tha  Z  axis  la  obtained.  Tha  lnstn— t  la 
oparatad  in  tha  absethanca  no da  with  tha  full  acala 
aqual  to  0.5A.  A  scanning  apaad  la  ueed  ao  that  one 
adlllaatar  of  saapls  la  displayed  on  flea  nllllastara 
of  chart  paper.  Table  1  atnaaarliaa  tha  apaclflcatlaaa 
described  above. 

Tor  the  measurement  of  the  etch  channel  density , 
a  quarter  centimeter  by  quarter  cantina ter  grid  la 
scribed  on  the  AT  slice  In  the  pure  Z  region  of  tha 
sample  and  the  slice  la  then  viewed  through  a  stereo-* 
soon  microscope  with  a  final  magnification  of  30 x. 
Under  these  conditions,  one  segment  of  the  grid  fills 
the  field  of  view.  Each  segment  la  counted  and  re- 

_» 

corded  and  the  average  etch  channel  density  (cm  )  la 
calculated. 

Date  rad  nation  of  Q  by  the  Infrared  Technique 

Tha  equation  that  was  employed  for  the  standard¬ 
isation  of  the  infrared  measurement  of  Q  was 


-J2-  -  -0.45(40. 15)  a2  +  7.47(40.30)  a  +  0.114(40.02) 

The  equation  la  quadratic  and  relates  tha  absorption 
coefficient,  a,  to  the  Q  of  a  5  Ms  5th  O.T.  AT  res¬ 
onator.  The  si«bars  in  parentheses  repteaant, 
essentially,  the  standard  deviation  about  the  average 
veins  for  each  coefficient.  Figure  2  is  a  plot  of  a 
section  of  the  curve  generated  from  the  equation 
above.  In  Figure  2,  three  points  were  selected  to 
determine  tha  affect  of  the  uncertainty  In  the  values 
of  the  coefficients  on  the  resultant  0  values  calcu¬ 
lated.  The  points  selected  were  1.5x10®,  2.0x10®  and 
3.0x10®  with  absorption  coefficients  of  0.075,  0.052 

and  0.0295  cm-1  respectively.  For  these  three  points, 
the  variations  la  the  values  of  tha  calculated  Q  due 
to  the  uncertainty  or  the  range  of  the  coefficients 

are,  respectively,  40.10x10®,  40.15x10®  and  40.28x10®. 
In  addition  to  this  variation,-!*  tha  variation  In  Q 
dependent  upon  the  change  in  growth  rata  as  the  crys¬ 
tal  la  grown.  That  la,  depending  upon  the  uniformity 
of  growth  In  the  hydrothermal  run,  a  significant 
change  In  Q  can  occur  during  the  growth  of  the  quarts 
crystal.  Figure  3  Illustrates  this  type  of  change. 
This  figure  is  a  traced  copy  of  an  Infrared  aces  of 
emo  of  our  standard  T-cut  slices  used  to  verify  the 
performance  of  the  instrument  end  scanning  arrsngamset 
from  one  test  period  to  another.  A  teat  saapls  scan 
la  always  performed  before  end  after  the  unknown 
quarts  staples  are  teatsd.  For  this  scan  the  Instru¬ 
ment  was  set  In  the  ahaorhence  node  and  the  test 
sasple  was  acanasd  at  the  two  wsventabert  shown  in  the 
figure.  The  little  table  Included  la  this  figure 
Hate  the  pertinent  date  logged  for  each  test  scan. 
Llnted  In  the  pert  number  section  of  this  tab la  is  tha 
thickness  of  the  T-cut  sample  scanned  In  Inches 
(0.38cm). 


variations  of  the  vmluse  of  tha  and  ara  used 

to  determine  whan  tha  instrument  should  ha  adjusted 
and/or  tha  lamp  changed.  Tha  Q  values  calculated  from 
tha  marl  mem  and  minima  alpha  valuss  ara  also  shown  In 
this  figure.  Over  a  period  of  yearn,  tha  reproduc¬ 
ibility  of  tha  standardisation  procedure  has  been 
doc  mm  ti  tad.  Soma  of  these  data  are  shown  in  Table  2 
for  the  standard  sample  discussed  In  Figure  3.  Listed 
In  this  table  ere  the  maxima  aid  minima  alpha  values 
■assured  from  tha  Infrared  scant  and  their  calculated 
Q  values.  For  each  column  is  listed  tha  average  value 
with  Its  standard  deviation  and  tha  range  of  the 
measured  or  calculated  value  shewn.  The  repeatability 
of  the  within  one  standard  deviation  la  44.0034 

and  for  a.  ,  44,0016.  For  shorter  time  frames 
■to  *■ 

(2-3  months),  tha  davlatlon  was  found  to  be  44.004  sad 
40.002  respectively. 

Tha  data  collected  over  a  period  of  ysars  have 
shown  that  than  are  s  number  of  sources  of  datarml- 
naat  sad  lndstsndnaat  errors.  Limitations  on  the 
degree  of  accuracy  of  the  coefficients  of  the  equation 
preclude  an  accurate  average  Q  correlation  to  the  Ab¬ 
sorption  coefficient.  In  addition  to  the  limitations 
of  the  aquation,  ara  those  variations  in  Q  caused  by 
tha  changes  In  growth  rate  during  e  hydrothermal  run. 
Dependent  upon  the  thermal  program  developed  by  the 
producer  of  the  alpha  quarts  for  a  particular  grown 
product  there  could  be  a  wide  variation  In  Q  In  the 
usable  area  of  the  as-grown  crystal.  Therefore,  de¬ 
pending  upon  the  averaging  technique  alloyed  for  the 
de term! nation  of  the  absorption  coefficient  different 
Q  values  could  be  obtained  from  the  owns  Infrared 
scan.  Finally,  there  are  also  the  Indetermlnant 
error*  associated  with  the  physical  implementation  of 
the  scanning  procedure  itself.  If  we  equate  the 
standard  deviation  of  the  to  the  acceptable  range 

one  would  allow  the  absorption  coefficient  to  span,  a 

range  in  Q  of  approximately  0.2x10®  results.  To  com¬ 
pensate  lor  these  potential  sources  of  error.  It  has 
been  recoownded  that  the  quarts  be  classified  on  tha 

—1  (85 

basis  of  the  value  of  the  maxlmm  a  at  3500cm  .  ' 

This  value  Is  obtained  from  the  analysis  of  a  scan  of 
the  infrared  teat  slice  along  the  Z  axle.  The  <r||ax 

is  the  point  of  maximum  absorption  found  during  the 
scan  of  the  ■ ample.  This  procedure  had  been  sub¬ 
mitted  to  the  E1A  for  consideration  and  wee  adopted  by 
them  laet  year. 

De  termination  of  Etch  Channel  Density  In  Alpha  Quarts 

Interest  In  low  atch  channel  density  alpha 
quarts  has  surfaced  for  a  number  of  teeaone,  sons  of 
which  have  been  stated  In  the  introduction  section  of 
this  paper.  There  are  many  factor*  that  effect  the 
etch  channel  density  found  in  the  as-grown  quarts 
crystal.  However,  before  the  effect  of  the  factors  on 
channel  density  could  be  ascertained,  e  standard  etch¬ 
ing  procedure  had  to  be  developed  In  order  to  quantify, 
as  accurately  aa  possible,  the  etch  channel  density 
variation  within  a  grown  crystal,  as  well  as,  within  e 
growth  run. 


The  large  disruption  la  the  center  of  the  seen 
represents  the  location  of  the  seed  employed  to  grow 
the  quarts  crystal,  loth  edges  of  tha  seed  are  well 
deflaed.  This  la  an  Indication  of  the  degree  ef 
resolution  one  can  obtain.  Two  points  have  been  de¬ 
fined  on  this  scant  the  locations  of  tha  seal—  and 
mini—  absorption  coefficients.  Tbasa  two  values  are 
ueed  te  determine  whether  er  not  aa  adjuetnaat  la  to 
ha  neda  to  tha  ccsanfeg  strong— t.  That  la,  the 


The  etchant  solution  chosen  was  a— nine  blfluor- 
ide.  This  solution  was  chosen  been—  an  experimental 

bane  was  already  developed  Independently.  ^  The 
per— ten  already  fixed  for  this  procedure  wet*  the 

taapnntnn  ef  the  etching  solution  (75°C)  and  the 
tine  of  etch  (2  hears).  The  variables  la  this  proce¬ 
dure  that  still  hsd  to  be  determined  ansa  the 
csscan  ration  of  Aa  etching  solution,  the  velane  ef 


density 


the  solution  to  bo  used,  the  number  of  samples  to  bo 
otcbod  par  load  and  tho  expected  variation  of  atch 
choanal  density  within  a  quart*  crystal,  a*  wall  as, 
within  a  growth  run. 

To  dataralna  tho  eoncontratlon  of  aanonieai  bl- 
fluorida  which  would  rwault  In  raproduclbla  atch 
channal  danaltlas,  Multiple  "AT"  sllcaa  war*  cut  and 
than  lappa d  fron  thraa  quart*  crystal*  fron  thraa 
dlffarant  growth  run*.  Tho**  crystal*  war*  salactad 
fron  growth  tuns  In  which  we  anticipated  a  high  atch 
channal  density.  Two  slices  fron  each  single  crystal 

wars  etched  for  two  hours  st  7S°C  In  0.5  liters  of 
aanonlun  blfluorld*  of  various  concentrations 
(Figure  4) .  The  etchant  solution  concentrations  vers 
varied  fron  6.0  nolal  to  25.0  nolal.  These  data  In¬ 
dicated  that  a  relatively  constant  etch  channel 
density  was  obtained  et  24. On  NH^HFg.  It  was  also 

noted  that  a  large  change  In  channel  density  occurred 
In  all  three  esnplas  between  the  etchings  perforned  In 
the  9. On  and  12. On  ansonlun  bifluoride .  Since  the 
solutions  ware  always  stirred  during  the  etching  pro¬ 
cess,  It  scans  unlikely  that  a  change  fron  a  diffusion 
controlled  process  to  a  reaction  controlled  process 
had  occurred. 

The  next  variable  Investigated  was  the  antici¬ 
pated  variation  In  etch  channel  density  within  an 
as-grown  quarts  crystal,  as  well  as,  within  a  growth 
run.  In  order  to  remain  consistent  with  the  previous 
paroneter  Investigated,  crystals  ware  chosen  fron  a 
growth  run  In  which  was  anticipated  a  high  etch  chan¬ 
nal  density.  A  crystal  woe  selected  fron  both  the  top 
and  botton  tiers  of  the  growth  run.  The  top  test 
crystal  yleldad  nlns  "AT"  slices  which  ware  lapped 
with  one  "AT"  slice  fron  the  botton  test  crystal.  All 
ten  slices  were  then  etched  In  1.0  liter  of  ammonium 

bifluort.de  for  two  hours  at  75°C.  The  etched  slices 
ware  then  cleaned  with  acetone  end  a  0.25cm  x  0.25cm 
grid  was  scribed  on  each  slice  In  the  pure  Z  region. 
Each  slice  was  then  viewed  through  a  stereo room  micro¬ 
scope  at  a  final  nagnlflcatlon  of  30x  and  each  square 
area  was  counted.  Table  3  contains  the  data  collected 
on  these  slices.  Saven  of  the  nlna  determinations 
fron  the  top  test  crystal  were  within  one  standard  de¬ 
viation  of  the  naan  value  of  these  slices .  The  etch 
channal  density  measured  on  the  "AT"  slice  fron  the 
botton  test  crystal  waa  easily  within  the  Units  of 
tha  top  test  naan.  The  botton  tost  slice  was  removed 
fron  on*  end  of  the  crystal  and  could  be  coapared  with 
either  slice  fl  or  #9  of  the  top  test  crystal.  In 
this  case  even  better  agreement  with  respect  to  the 
channel  density  anong  these  slices  Is  obtained.  Fig¬ 
ure  5  is  a  graphical  representation  of  the  data  In 
Table  3.  Presented  In  this  manner,  another  Interest¬ 
ing  feature  of  these  data  Is  nor*  easily  seen.  There 
appears  to  be  a  pairing  of  p  values  fron  the  opposite 
ends  of  the  top  test  crystal.  That  la,  compering  p 
between  slices  #1  sad  #9 ;  slices  #2  and  ft,  etc.,  a 
smaller  tang*  of  etch  channel  density  was  found  be¬ 
tween  these  slices  compared  to  the  range  between 
consecutive  alleae.  The  only  exception  to  this  was 
slice  #6  which  exhibited  a  vary  high  atch  channal  den¬ 
sity.  Morn  data  ax*  being  gathered  with  respect  to 
this  observation  over  a  tangs  of  different  channel 
densities.  The  Initial  Indication  from  thoso  data  la 
that  a  possible  twofold  synsstry  exists  with  rasps ct 
to  atch  chasnal  darnel ty  la  on  as- grown  crystal.  Our 
nsla  interna t  hate,  however,  we*  to  develop  a  degree 
of  confldeses  that  a  particular  alias  fron  an  aa- grown 
alpha  qwarts  crystal  would  characterise  tha  quality  of 
noat  of  tho  crystals  grown  In  a  particular  growth  run. 
Tha  data  ns  have  gathered  to  data  have  Indicated  that 
on  original  teat  crystal  selection  la  sufficient  for 
vneaal  shone  to  flection  with  respect  to  etch  channel 


The  lest  variable  In  the  etching  process  that  hod 
to  be  determined  wee  tha  nuUber  of  "AT"  slices  that 
could  be  etched  In  e  given  volume  of  etching  eolation 
et  one  tine  end  obtain  reproducible  etch  channel  den¬ 
sities.  Again  multiple  "AT”  slices  were  cut  fron 
threo  different  crystals  grown  In  three  different 
growth  runs.  Thee*  slices  were  then  lapped  according 
to  the  standard  lapping  procedure  previously  described. 
Tha  slices  were  then  etched  In  0.5  liters  of  24.0  nolal 
exnonlw  blfluort.de  for  tha  specified  tine  and  temper¬ 
ature  .  In  this  cnee,  a  different  range  of  p  values 
were  employed.  Tha  ntxber  of  allcaa  waa  varied  fron 
four  to  fifteen  per  load.  To  reach  the  prescribed 
number  of  eaaplee  per  load,  duony  slices  were  added  to 
the  etching  solution*.  These  dummy  slices  were  equiv¬ 
alent  T-cut  slices  that  had  been  through  an  Identical 
lapping  stage  of  the  teat  procedure.  Table  4  contains 
these  date.  In  ell  of  the  eeaple  loadings  listed  in 
this  table,  only  one  allce  per  stone  or  crystal  was 
etched  In  each  loading.  In  this  cose,  the  standard 
deviation  listed  for  the  slices  measured  represents 
tha  variation  of  the  channal  density  within  one  slice 
rather  then  the  standard  deviation  about  e  mean  value 
for  a  number  of  slices  from  the  sane  crystal  as  wee 
shown  In  Table  3.  The  date  in  Table  4  Indicate  that 
up  to  eight  slices  con  be  etched  at  one  time  in  the 
standardised  solution  without  significantly  affecting 
the  p  value  for  a  particular  crystal.  Less  consistent 
etch  channel  densities  were  measured  at  the  fifteen 
aanple  loading  compared  to  the  results  obtained  on  the 
respective  atones  at  the  other  eesple  loadings.  A 
suaury  of  the  total  etching  procedure  developed  fron 
these  Investigations  le  shown  in  Table  5.  This  pro¬ 
cedure  had  also  been  submitted  to  EIA  and  was  adopted 

lest  year/9* 

Early  In  the  course  of  this  investigation  lum¬ 
bered  bare  were  fabricated  from  crystals  of  known  etch 
channel  densities.  These  lumbered  bars  were  sent  to 
our  coxponent  blank  fabrication  facility  in  Franklin 
Park,  Illinois.  Round  250  nil  "AT"  blanks  ware  fab¬ 
ricated  from  these  lumbered  bare  and  these  blanks  were 
then  etched  under  standard  conditions.  These  results 
ere  shown  In  Table  6.  The  specific  source  of  each 
blank  wee  not  maintained  with  respect  to  the  bar  from 
which  It  wee  fabricated  and  a  random  sample  of  these 
blanks  were  selected  for  the  etching  experiment .  The 
blank  date  listed  In  this  table  were  arranged  with  re¬ 
spect  to  the  ternlnsd  etch  channel  density.  Certain 
conclusions  still  could  be  made  about  the  values  re¬ 
ported  and  their  distribution.  The  average  value  of 
p  for  the  five  lunbered  bare  waa  calculated  to  be 

206cm“*  and  the  mean  value  for  the  blanks  fabricated 

_2 

fron  thee*  lunbered  bars  was  35  +70cm  .  This  result 
Is  In  good  egreenent  with  eons  other  blank  date  re¬ 
ported  elsewhere  by  our  group/10*  That  le,  appro xi- 
nately  e  sixfold  reduction  In  etch  channel  density 
seems  to  occur  between  the  growth  of  the  quarts  end 
the  final  blank  fabrication.  For  eons  of  the  blanks 
listed  In  this  table  there  wee  *  degree  of  uncertain¬ 
ty  os  to  whether  or  not  an  etch  channel  was  even 
present.  This  uncertainty  woe  because  the  thinness  of 
the  blanks  nod*  It  difficult  to  ss certain  whether  or 
not  on  etch  channel  wee  present.  These  blanks  were 
listed  os  containing  three  etch  channels  per  equate 
centimeter.  The  difference  between  the  men  wad  the 
nedlen  values  for  these  blades  Is  also  approximately 
sixfold.  The  probability  is  that  the  majority  of  the 
blanks  that  wan  etcfaad  wen  fabricated  fron  the  throe 
lew  etch  channel  density  ben  and  themfon,  the 
nedlen  vnlne  would  reflect  this  diattlbutlom.  In  tha 
unlikely  event  that  all  of  the  blades  canted  wen 


from  ths  low  p  1 unbared  bars,  tha  reduction  la  tha 
average  etch  channel  density  would  still  be  approxi¬ 
mately  SOZ.  In  an  attaapt  to  discover  tha  origins  of 
this  reduction!  a  large  ntabar  of  etched  "AT"  slices 
2  2 

wets  analysed  on  a  cs  a  a  basis  to  determine  If  tha 
variation  of  p  within  a  as-grown  alia  la  responsible 
for  the  lower  channel  density  sea  la  tike  blanks . 
Figure  6  contains  a  sketch  of  a  typical  low  etch  chan¬ 
nel  density  pure  Z  slices  analysed.  The  dashed 
parallelogram  In  the  center  of  the  alia  represents 
the  original  seed  used  to  grow  the  quarts  crystal. 

The  squats  areas  on  both  aides  of  the  seed  represent 

cm2  sections  In  which  the  etch  channel  density  Is 
counted.  A  circular  seetlon  on  each  aide  of  the  seed 
represents  the  approximate  location  where  a  round 
blank  would  be  removed  from  the  quarts  crystal. 
Usually,  the  etch  channel  denalty  is  measured  across 
the  entire  pure  Z  region,  including  the  seed.  The  two 
columns  shown  aa  adjacent  to  the  teed,  actually  ex¬ 
tended  Into  the  center  of  the  slice  and  both  contained 
approximately  one  half  of  the  seed  area.  For  the  pur¬ 
pose  of  clarity,  these  coltams  were  moved  outside  the 
defined  seed  area.  Listed  for  each  row  and  column,  on 
both  sides  of  the  seed,  are  the  average  etch  channel 

2 

density  for  that  particular  group  of  four  cm  areas. 
The  average  channel  density  for  the  entire  slice  was 
_2 

calculated  to  be  106cm  and  the  p  for  the  blank  areas 

was  84cm  .  This  represents  approximately  a  20Z  re¬ 
duction,  however,  does  not  account  for  the  degree  of 
reduction  seen  between  the  blanks  and  the  bars  pre¬ 
viously  discus eed.  Further  Investigations  ere  being 
pursued  in  order  to  Isolate  the  cause  of  this  reduc¬ 
tion.  Lastly,  It  should  be  noted  that  the  etch 
channal  density  tends  to  decrease  from  the  seed-crys¬ 
tal  Interface  to  tha  outer  as-grown  Z  surfaces  In  the 
pure  Z  region  of  the  crystal.  The  change  In  channel 
density  is  substantial  and,  again,  reinforces  the  im¬ 
portance  of  good  seed-crystal  Interface  during  growth. 
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Electrodiffusion  (sweeping)  is  a  post-growth 
treatiwnt  which  allows  the  selective  exchange  of  charge 
compensating  interstitial  ions  in  quartz.  This  tech¬ 
nique  is  employed  comnercially  to  enhance  the  radiation 
hardness  of  the  material  used  for  quartz  oscillator 
crystals.  Nearly  all  quartz  contains  AL1*  ions  substi¬ 
tuting  for  Si!**.  Adjacent  interstitial  alkali  ions  or 
protons  provide  the  necessary  cliarge  compensation  for 
these  Al^*  ions.  Additional  unidentified  sites  also 
trap  protons  to  form  the  OH"-related  defects  which  are 
responsible  for  several  1R  absorption  bands.  When 
thermally  released  from  their  trapping  sites,  the  in¬ 
terstitials  can  migrate  alonq  the  relatively  large  Z 
axis  channels.  Therefore,  if  the  sample  is  heated  with 
an  electric  field  applied  along  the  Z  axis,  the  ions 
can  be  swept  out  and  replaced  either  by  protons  from 
the  surrounding  atmosphere  or  by  the  desired  alkali 
from  a  salt  electrode.  This  process  also  modifies  some 
extended  defects,  as  the  etch  tunnel  density  is  reduced 
in  hydrogen  swept  material.  £ — 

In  order  to  better  understand  the  electrodif¬ 
fusion  process,  we  are  systematically  investigating 
various  aspects  of  sweeping.  Current-versus-time 
curves  usually  show  an  initial  decay  followed  by  a 
steady  current.  We  believe  that  this  steady  current 
represents  the  migration  of  only  one  species  of  ion 
throuqh  the  crystal.  Once  this  steady  state  is  reached 
the  tesperature  is  slowly  lowered  and  the  ionic  conduc¬ 
tivity  is  measured  versus  temperature  to  obtain  the 
activation  energy.  Alkalis  show  activation  energies 
between  .76  and  1.24  eV;  while  hydrogen  shows  an  acti¬ 
vation  energy  of  1.5  to  1.9  eV.  Low-temperature  IR 
absorption  spectra,  ESR  spectra,  and  acoustic  loss 
measuresients  ware  used  to  characterize  the  effects  on 
the  point  defects  of  alkali  and  hydrogen  electrodif¬ 
fusion.  Four-point  bend  fracture  tests  were  carried 
out  on  a  series  of  AT-cut  samples  as  a  function  of 
etching  and  hydrogen  sweeping.  Etched  samples  from 
hydrogen-swept  bars  showed  a  greater  fracture  strength 
(i.e.,  were  more  difficult  to  fracture)  them  etched 
samples  from  similar  unswept  bars. 


Introduction 


Interstitial  alkalis  and  protons  can  be  trapped 
by  substitutional  aluminum  ions1  and  other  point  de¬ 
fects  in  alpha-quartz.  When  liberated  from  such  traps. 


Proc.  37th  Ann.  Freq.  Control  Symp. ,  USAERADCOH, 
Ft.  Monmouth,  NJ  07703,  June  1983 


either  thermally  or  by  radiation,  the  interstitial  ions 
drift  along  the  relatively  large  Z  axis  channels.  This 
interstitial  diffusion  is  responsible  for  the  radiation 
induced  transient  acoustic  loss?,  the  increasing  acous¬ 
tic  loss  observed  at  high  temperatures,3'4,9  and  the 
annealing  of  radiation-induced  defects.  An  electric 
field  applied  parallel  to  the  Z  axis  can  be  used  at 
high  temperatures  to  electrodif fuse  (i.e.,  sweep)  in¬ 
terstitial  ions  out  of  a  sample  and  replace  them  with 
other  ions. 

Kinqk  was  among  the  first  to  develop  electro¬ 
diffusion  as  a  method  for  changing  the  concentration  of 
specific  interstitial  ions  within  a  crystal.  As  part 
of  his  extensive  infrared  study,  Katz?  used  the  process 
to  sweep  specific  alkalis  and  protons  into  and  out  of 
quartz.  Fraser3  has  described  the  basic  process  for 
the  selective  electrodiffusion  of  alkalis  and  Kreft9 
has  shown  that  holes  can  be  swept  into  quartz  if  the 
process  is  carried  out  in  vacuum  above  the  phase  tran¬ 
sition.  Alkali  sweeping  and  the  use  of  inert  gas  at¬ 
mospheres  have  been  investigated  by  Brown,  O'Conner, 
and  Armington.10  A  number  of  studies  have  shown  that 
the  radiation  hardness  of  oscillators  is  significantly 
enhanced  if  electrodiffusion  has  replaced  the  alkalis 
in  the  quartz  with  protons. 11 ' 13 > 13 

Arnold14  has  reported  that  etching  quartz  pro¬ 
duces  very  deep  tunnels  while  Nielsen  and  Foster1*  have 
observed  that  these  tunnels  tend  to  lie  along  the 
general  growth  direction.  The  tunnels  are  apparently 
caused  by  dislocation  networks  which  trap  impurities.  19 
Vig  et  al. , 1?  in  a  recent  investigation  of  chemically 
polished  and  mechanically  polished  resonator  blanks, 
found  that  swept  material  showed  fewer  of  these  etch 
tunnels  and  that  chemically  polished  blanks  were 
superior  in  strength. 

Electrodiffusion  is  closely  related  to  ionic 
conductivity.  The  main  difference  is  the  exchange  of 
ions  that  takes  place  in  the  electrodif fusion  process, 
i.e.,  specific  ions  (protons  or  alkalis)  are  brought 
into  the  sample  to  replace  interstitial  alkalis  that 
had  bean  trapped  at  defects  during  the  crystal  growth 
process.  Electrical  conductivity  in  quarts  is  ionic 
and  one  dimensional  with  monovalent  ions  moving  along 
the  Z  axis  channels,  the  number  of  aobile  ions  is 
governed  by  the  number  of  traps,  such  as  substitutional 
aluminum.  If  only  one  kind  of  trap,  say  aluminum,  and 
one  species  of  interstitials  are  present,  the  number* 
per  unit  voluaie  of  mobile  ions  should  be  given  by 

n  -  (Ct/2)1/J  nq  exp(-BA/2kT)  (1) 

where  Cj>  is  the  mole  fraction  of  traps,  Nq  is  the  num¬ 
ber  of  Si02’s  per  unit  voltmm  and  4a  is  the  association 
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The  ion  mobil- 
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energy  between  the  ion  and  the  trap. 
ity19  is  given  by 

W  -  jjj-  V  expt-E^/kT)  (2) 

where  d  is  the  jump  distance,  v  the  jump  frequency  and 
Eju  is  the  activation  energy  for  interstitial  migration. 
Thus,  the  conductivity  o  •  new  can  be  expressed  as 

OT  «  A  exp(-EAT)  (3) 

where 

E  »  E  +  -j-E.  (4) 

m  2  A 

and 

2  1/2 
N  ed  »(C/2)  7 

*  _  ® _ _ “ _  /  C  \ 


According  to  this  analysis,  a  plot  of  log  OT  versus 
T"1  should  yield  a  straight  line.  Jain  and  Nowick^® 
have  reported  such  behavior  and  have  found  activation 
energies,  E,  near  1.4  and  1.0  eV  for  synthetic  and 
natural  quartz,  respectively.  The  electrodiffusion 
process  is  expected  to  be  more  complicated  since  ion 
exchange  is  involved;  however,  Martin  at  al . 1  found  a 
similar  behavior  for  the  ionic  currents  once  the 
sweeping  process  has  neared  completion. 

A  systematic  study  of  the  electrodiffusion  pro¬ 
cess  in  quartz  is  underway  at  Oklahoma  State  University. 
In  addition  to  the  effects  of  electrodiffusion  on  the 
point  defects,  we  are  also  investigating  the  effects  of 
sweeping  on  extended  defects  and  fracture  in  quartz. 


continue  until  a  sufficient  number  of  ions  have  been 
transported;  this  usually  takes  less  than  two  hours. 

As  a  sweep  nears  completion,  we  believe  only  one  species 
of  ion  is  being  transported.  Then,  while  the  furnace 
temperature  is  slowly  programed  down,  the  sample  cur¬ 
rent  is  recorded  as  a  function  of  temperature.  This 
latter  data  gives  the  effective  ionic  conductivity  as  a 
function  of  temperature  for  the  specific  ion  being 
swept. 

Eight  AT- cut  polished  rectangular  plates  approx¬ 
imately  15  mm  x  20  un  x  2  mm  thick  were  fabricated  from 
each  of  the  bars  EG-C,  PQ-C,  TD-A,  and  PQ-D.  Pour 
plates  from  each  of  the  bars  EG-C,  PQ-C,  and  TD-A  were 
hydrogen  swept  by  the  process  described  above.  (Bar 
PO-D  was  Sawyer  Swept  Premium  Q  grade  material.)  Two 
unswept  and  two  swept  plates  from  each  of  the  bars  were 
then  etched  in  a  concentrated  ammonium  bifluoride  solu¬ 
tion  to  reveal  their  etch  tunnels.  Except  for  PQ-D, 
each  bar  gave  pairs  of  AT-cut  plates  representing  each 
of  the  following  four  categories:-  unswept,  unswept- 
etchad,  H- swept,  and  H-swept-etched.  Samples  for  the 
X-parallel  fracture  tests  were  1.5  mn  wide  with  their 
long  axis  parallel  to  X  and  were  cut  from  one  plate  of 
each  pair.  Z'-parallel  fracture  test  samples,  also 
1.5  nm  wide,  were  cut  perpendicular  to  the  X  axis  of 
the  other  member  of  each  pair.  The  fracture  stress  was 
measured  using  a  four  point  bend  jig  mounted  in  an 
Instron  testing  machine. 23  Tfte  four-point  bend  test 
subjects  the  sample  (at  least  in  the  elastic  region)  to 
a  pure  bending  moment  between  the  inner  loading  points. 
The  stress  varies  from  tension  along  the  long  axis  of 
the  sample  on  the  top  to  compression  on  the  bottom. 

The  results  from  at  least  seven  samples  from  each  plate 
were  averaged  to  obtain  the  values  reported. 


Experimental  Procedure 


The  samples  used  in  this  study  were  cut  from 
unswept  pure  2-growth  lumbered  bars  of  synthetic  quartz. 
These  bars  included  material  from  Thermodynamics, 

Sawyer  Research  Products  (Electronic,  Premium  Q,  and 
Super  Premium  Q  grades) ,  and  an  aluminum-doped  syn¬ 
thetic  bar.  The  various  samples  were  identified  ac¬ 
cording  to  the  notation  established  by  Markes  and 
Halliburton. 22  z  plates  3  mm  thick  and  15  nm  x  17  nm 
in  the  X  and  Y  directions  were  used  in  the  electro¬ 
diffusion  experiments.  Such  samples  are  a  convenient 
size  for  the  sweeping  apparatus  and  for  subsequent 
infrared  evaluation.  Polished  AT-cut  rectangular 
plates  and  plano-convex  AT-cut  resonator  blanks  were 
swept  for  the  mechanical  and  acoustic  loss  measurements, 
respectively. 

Prior  to  sweeping,  the  samples  were  given  an 
optical  polish.  Our  sweeping  process,  which  was 
carried  out  in  the  system  previously  deset lbed,21  be¬ 
gins  by  vapor  depositing  gold  electrodes  on  the  two 
sample  faces.  If  Li*  or  Na*  is  to  be  swept,  the 
appropriate  salt  is  first  evaporated  on  one  sids,  then 
a  gold  electrode  is  deposited  over  the  salt.  The 
electrodif fusion  is  carried  out  in  the  desired  atmo¬ 
sphere  at  a  temperature  between  490°C  and  500°C.  Al¬ 
kali  sweeps  (i.e.,  taking  alkalis  into  the  crystal)  are 
done  in  a  vacuum  while  an  H2  atmosphere  is  used  for 
sweeping  protons  into  the  crystal.  The  applied  elec¬ 
tric  field  is  approximately  15  V/cm  for  alkali  sweeps 
and  2000  V/cm  for  hydrogen.  A  digital  multimeter  and  a 
laboratory  computer  are  used  to  monitor  the  sweeping 
current  as  a  function  of  tism.  Hydrogen  sweeps  are 
carried  out  until  the  current  reaches  a  steady  state; 
this  usually  takes  lees  than  24  hours.  Alkali  sweeps 


Results  and  Discussion 


The  electrodiffusion  current  for  hydrogen 
sweeping  usually  shows  a  significant  initial  decay  fol¬ 
lowed  by  a  steady  current  as  shown  in  Fig.  1  for  sasple 
PQ-G.  The  results  for  a  Li+  sweep  on  a  similar  sasple 
are  also  illustrated  in  Fig.  1.  Both  the  H*  and  Li* 
sweeps  show  nearly  the  same  final  current  even  though 
the  applied  field  for  the  H+  run  is  approximately 
2000  v/cm  while  15  V/cm  was  used  for  the  Li*  sweep. 

This  result  and  similar  results  for  Na*  show  that  H+  is 
much  lass  mobile  than  alkali  ions.  We  believe  that  the 
large  initial  current  and  subsequent  decrease  that 
takes  place  in  a  H*  sweep  is  caused  by  the  removal  of 
the  very  mobile  alkali  ions  from  the  sasple. 

Specific  ions,  Li+  from  the  LiCl  source  electrode 
or  H  from  the  hydrogen  atmosphere,  are  brought  into 
the  crystal  at  the  positive  electrode.  These  specific 
ions  then  migrate  along  the  2  axis  channel  and  replace 
the  interstitial  alkalis  originally  trapped  at  the  alu¬ 
minum  and  similar  sites.  Thus,  as  the  process  continues 
a  condition  is  readied  where  only  one  species  of  ion  is 
migrating  along  the  £  axis  channel.  The  number  of  mi¬ 
grating  ions  is  dstermined  by  the  number  of  traps  pre¬ 
sent  in  the  sample.  Consequently,  the  conductivity 
should  be  described  by  Eqs.  1  through  5.  Figure  2  shows 
a  plot  of  log  rt  versus  1000/T  for  Li*,  Ha  ,  and  H* 
sweeps  of  previously  unswept  samples  taken  from  bar 
HA- A.  Bar  HA- A,  which  was  doped  with  aluminum  during 
growth,  contains  approximately  50  ppm  Jtt,  bub  it  con¬ 
tains  very  few  OH"  related  growth  defects.21  the  appar¬ 
ent  ionic  conductivity  of  H*  is  seen  to  be  siueb  less 
than  that  of  either  He*  or  Li*.  The  upper  half  of  Fig. 3 
compares  the  apparent  ionic  conductivity  of  Li*  in  the 
HA- A  sample,  in  Premium  Q  sample  PQ-X  <«  10  ppm  Al), 
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and  in  Super  P  rami  van  Q  sample  SP-A  (<1  ppm  Al) .  The 
bottom  half  of  Fig.  3  compares  the  conductivity  of  H* 
in  sample  HA-A  and  PQ-I.  For  both  Li+  and  H+  runs, 
the  conductivity  clearly  increases  with  increasing 
Al  content. 


Figure  1.  The  electrodiffusion  currents  for  H+  and  Li+ 
sweeps  on  samples  from  Sawyer  Premium  Q  bar 
PQ-G  are  shown  as  functions  of  time.  He 
believe  that  the  large  initial  decay  during 
during  a  H+  sweep  is  caused  by  the  replace¬ 
ment  of  the  mobile  alkalis  with  protons. 

The  applied  fields  were  2000  V/cm  for  H+  and 
15  V/cm  for  Li+. 
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Figure  2.  The  product  of  the  apparent  ionic  conduc¬ 
tivity  times  teeperaturs  in  samples  taken 
from  the  alustimai  doped  quarts  HA-A.  in 
all  cases  the  conductivity  is  tharmally 
activated. 


Figure  3.  The  upper  portion  of  the  graph  compares  oT 
vs  1000/T  for  Li+  for  samples  with  approxi¬ 
mately  50  ppei  Al  (HA-A) ,  10  ppm  Al  (PQ-I) , 
and  less  than  1  ppm  Al  (SP-A) .  The  lower 
curve  compares  or  vs  1000/T  for  naaples  with 
approximately  50  ppm  Al  and  10  ppm  Al. 


The  activation  energy,  E,  which  includes  both 
the  migration  energy  and  the  association  energy  can  be 
determined  from  the  slope  of  the  log  oT  vs  1000/T 
curves.  Table  I  gives  the  activation  energies  deter¬ 
mined  for  Li+,  Na+,  and  H+  for  a  number  of  different 
sweeping  runs. 


Table  I.  Sweeping  Activation  Energies  (eV) 


Sample 

Li+ 

Na+ 

H+ 

SP-A 

0.76 

0.99 

1.75 

PQ-G 

1.14 

1.25 

1.95 

PQ-I 

0.98 

1.13 

1.93 

HA-A 

0.94 

1.00 

1.52 

Literature 

0.76-0.8824 

1.03-1. 224 

1.71-1.7525 

The  activation  energies  vary  considerably  between  the 
different  quartz  samples.  The  migration  energy  for  a 
given  ion  is  expected  to  be  the  easm  for  all  quartz, 
but  different  samples  will  have  different  traps  so  the 
association  snsrgy  may  fluctuate  considerably.  Bar  SP-A 
is  a  very  clean  bar  of  quarts  idtlla  both  PQ-G  and  PQ-X 
have  quite  a  bit  of  aluminum  and  other  defects.  Bar 
HA-A  has  a  lot  of  aluminum  but  it  is  otherwise  rela¬ 
tively  defect  free.  Since  the  Al  should  dominate  over 
other  traps  in  bar  HA-A,  the  activation  energies  re¬ 
ported  for  it  may  represent  the  effects  of  Al  as  tbs 
only  trap.  Our  activation  energies  for  the  alkali  tana 
are  slightly  lower  than  the  1.3  to  1.4  «V  fount  by  Jain 
and  HQwlckZO  in  their  ionic  conductivity  studies. 
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Vig17  has  reported  that  sweeping  lowers  the  etch 
tunnel  density  and  iep roves  the  mechanical  strength  of 
quarts  resonator  blanks.  He  have  carried  out  etching 
and  four-point  bend  fracture  tests  on  a  number  of  un¬ 
swept  and  H+-svept  synthetic  quarts  samples .  Table  II 
gives  the  etch  tunnel  density  for  unswept  and  H*-swept 
samples  from  three  bars  of  synthetic  quarts. 

2 

Table  II.  Etch  Tunnel  Densities  (Tunnels/cm  ) 


EG-C 

P^-C 

TD-A 

Un swept 

1300 

1365 

1710 

H+- swept 

310 

380 

820 

These  results  show  that  sweeping  significantly  reduces 
the  etch  tunnel  density.  However,  the  basic  extended 
defect  is  still  present.  The  sweeping  has  most  likely 
replaced  the  alkali  ions  trapped  in  the  dislocation 
network  with  protons. 


Figure  5.  The  fracture  stress  as  measured  under  four- 
point  bend  is  shewn  for  test  sample  bars  cut 
from  AT-plates  perpendicular  to  the  X  axis. 
The  sample  designations  are  the  same  as  in 
Fig.  4. 


Four-point  bend  fracture  tests  were  made  on  sam¬ 
ples  cut  parallel  (X-parallel)  and  perpendicular  (Z'~ 
parallel)  to  the  X  axis  of  AT-cut  synthetic  quartz 
plates.  Figure  4  shows  the  fracture  stress  results  for 
unswept,  unswept  and  etched,  H+-swept,  and  H+-swept  and 
etched  X-parallel  samples  from  Sawyer  swept  bar  PQ-D. 
Figure  5  shows  the  results  for  Z' -parallel  samples. 

Our  results  as  shown  in  Figure  4  and  S  indicate  that 
swept  and  etched  samples  have  the  highest  fracture 
strength.  Etching  alone  might  be  expected  to  improve 
fracture  resistance  since  it  should  improve  the  surface 
finish.  However,  the  unswept-etched  X-parallel  samples 
showed  a  reduced  strength  while  for  Z' -parallel  the 
unswept-etched  samples  were  stronger. 


Conclusions 


The  mobility  of  H+  in  the  electrodiffusion  pro¬ 
cess  is  much  less  than  that  of  the  alkali  ions.  As 
expected,  the  apparent  ionic  conductivity  for  a  specific 
ion  scales  roughly  with  the  aluminum  content  of  the 
quartz,  since  the  activation  energy  for  a  specific  ion 
depends  upon  the  quality  of  the  quartz,  more  than  one 
type  of  trap  must  be  involved.  H+-sweeping  signifi¬ 
cantly  reduces  the  formation  of  etch  tunnels.  Etched 
Ht-swept  samples  showed  an  improved  fracture  strength. 
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Summary 

— ^Vacuum  swept  quartz  Is  characterized  by  In¬ 
frared  spectroscopic  measurements  both  along  the 
sweeping  axis  and  by  scanning  small  regions  of  the 
sample  perpendicular  to  the  sweeping  axis.  We  ob¬ 
serve  large  variations  In  the  strengths  of  the  as- 
grown  OH*  and  Al-OH*  defect  related  bands  between 
the  mode  and  cathode.  In  a  vacuum  swept  sample, 
Initially  containing  aluminum-sodium  centers,  a 
region  depleted  of  as-grown  OH  extends  a  short 
distance  Into  the  sample,  with  a  corresponding 
sharp  gradient  In  the  Al-OH*  related  band.  Elec¬ 
tron  spin  resonance  data  Indicates  that  In  this  re¬ 
gion  of  the  sample  35  percent  of  the  defects  are  In 
the  form  of  aluminum-hole  centers.  A  sample.  Ini¬ 
tially  containing  aluminum-lithium  centers,  was  air 
swept  and  then  vacuum  swept.  Successive  periods  of 
vacuum  sweeping  deplete  hydroxide  defects  near  the 
anode  and  substantially  decrease  them  near  the 
cathode.  Vacuum  sweeping  effects  are  accelerated 
by  removing  the  surface  layers  and  repollshlng  the 
crystal  after  successive  short  sweeping  periods^— 
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Introduction 


Vie  most  common  characterization  techniques 
of  point  defect  centers  In  quartz  Include  optical 
spectroscopy,  anelastlc  loss  measurements,  and 
electron  spin  resonance.  It  Is  generally  accepted 
that  the  low  temperature  3581  and  3366  car1  Infra¬ 
red  bands  In  o-quartz  are  associated  with  as-grown 
hydroxide  and  Al-OH  defect  centers,  respectively. 
Ihese  bands  have  been  used  extensively  to  monitor 
changes  Induced  by  sweeping  (electrodiffusion)  or 
radiation.!**  Vie  customary  experimental  technique 
Is  to  measure  band  strengths  along  the  sample 
growth  or  sweeping  axis,  the  z-axls.  Ills  type  of 
measurement  averages  the  band  strengths  of  defect 
centers  along  the  z-axls.  Vie  local  effects  of 
sweeping  are  not  revealed  by  these  measurements. 
Kats,!  and  subsequently  Krefft,5  have  studied  the 
sweeping  process  by  scanning  the  Infrared  spectrum 
of  smell  regions  of  the  temple  perpendicular  to  the 
sweeping  axis.  In  Ref.  6  we  have  described  this 
nondestructive  characterization  technique  for  de¬ 
termining  the  spatial  distribution  of  the  defect 
centmrs  between  the  anode  and  cathode.  This  meas¬ 
urement  technique  Is  also  useful  In  evaluating  the 
uniformity  of  radiation  induced  defects. 


Several  considerations  Indicate  that  sweeping 
quartz  In  a  vacuum  atmosphere  Improves  material  and 
device  properties.  However,  previous  Investigations 
Indicated  that  effects  are  non-uniform,  and  the  use 
of  crystals  processed  In  this  manner  may  lead  to 
unpredictable  results.  V>  properly  characterize 
vacuum  sweeping,  we  performed  Infrared  measurements 
perpendicular  to  the  sweeping  axis  and  scanned 
small  regions  of  the  sample  between  the  anode  and 
cathode.  Infrared  spectra  of  vacuum  swept  syn¬ 
thetic  crystals,  Initially  containing  Interstitial 
lithium  or  sodium  Ions  compensating  substitutional 
aluminum  Impurity,  A1-L1  +  or  Al-Na+,  Ref.  6,  showed: 

(1)  As-grown  OH-  concentration  near  the  anode  Is 
reduced,  and  subsequently,  with  Increasing 
sweeping  time.  It  is  depleted.  Band  strength 
varies  greatly  between  the  anode  and  cathode, 
and  after  12  to  24  hours  of  sweeping  the  de¬ 
pleted  region  extends  approximately  3  to  4  mm 
Into  the  crystal. 

(2)  Al-OH"  Is  formed  near  the  anode,  and  It  Is 
progressively  swept  towards  the  cathode. 
Eventually,  with  Increasing  sweeping  time, 
Al-OH"  1$  reduced  In  the  region  where  the 
as-grown  OH"  Is  depleted. 

(3)  The  compensation  processes  are  the  same  for 
Al-Ha+  and  A1-L1+,  but  longer  sweeping  times 
are  necessary  to  observe  the  same  magnitude 
of  effects  In  crystals  with  large  aluminum 
concentration. 

This  paper  reports  additional  results  on  the 
spatial  distribution  of  defect  centers  In  vacuum 
swept  quartz.  After  vacuum  sweeeplng,  the  anode 
region  of  a  sample  with  an  Initial  large  Al-lh* 
concentration  was  completely  depleted  of  as-grown 
OH*,  but  Al-OH"  was  still  present.  Several  sections 
were  cut  from  this  crystal  region  and  were  examined 
for  aluminum-hole  centers,  Al-e+,  by  ESR.  Results 
show  the  largest  percentage  of  Al-e*  ever  observed 
for  vacuum  swept  quartz.  Mother  crystal,  con¬ 
taining  A1-L1*,  was  air  swept  for  several  weeks  and 
then  vacuum  swept  for  different  tine  periods  to  a 
total  of  45  days.  Results  show  large  defect  center 
gradients  along  the  sweeping  axis,  and  depletion 
of  both  as  grown  OH-  and  Al-OH*  mmr  the  anode.  He 
also  include  eons  results  on  spatial  dtetritMbiea 
of  defects  in  1  mediated  samples. 


Experimental  Procedures 

lie  unswept  and  swept  Premium-Q  and  Hlgh-Q 
samples  used  In  this  Investigation  were  grown  at 
Sawyer  Research  Products  (SAPP)  by  the  sane  proc¬ 
ess,  except  that  for  Prenlun-Q,  lithium  salt  was 
added  to  the  mineralizer.  The  primary  Impurity  In 
both  High-Q  and  Premium-Q  quartz  Is  substitutional 
aluminum,  A13+.  In  HI gh-Q  materf al  Al3+  Is  compen¬ 
sated  with  sodium,  Al-Na+,  and  In  Premlue-Q  with 
lithium,  Al-Li+.  The  unswept  samples  were  rectan¬ 
gular  sections,  approximately  1.6  x  1.8  x  2.0  cm, 
with  parallel  x-,  y-,  and  z-faces.  An  air  swept 
bar,  1.0  x  1.2  x  5.0  cm  was  also  used  for  vacuum 
sweeping  studies.  Platinum  foil  electrodes  were 
placed  on  the  z-faces,  and  the  sweeping  was  perfor¬ 
med  at  10*5  torr  and  500  °C,  with  an  electric  field 
of  1000  V/cm. 

Infrared  transmissions  were  measured  between 
3100  and  3700  cm*1  at  85  K  with  a  Oigllab  FTS-14 
Fourier  spectrophotometer.  The  full  beam  was  uti¬ 
lized  In  the  direction  of  sweeping.  Specific  areas 
normal  to  the  sweeping  direction  were  scanned  by 
moving  a  3.2  x  1.0  mm  aperture  along  the  x-  or 
y-face.  Additional  measurements  were  made  with 
the  3  mm  focused  beam  of  a  Nicolet  SX-170  Fourier 
spectrophotometer.  The  results  obtained  with  the 
Oigllab  and  Mcolet  spectrophotometers  are  In  good 
agreement  for  band  strengths  measured  along  the 
optic  axis,  but  Instrument  polarization  differences 
affect  measurements  normal  to  the  axis,  fie  Nicolet 
Instrument  data  are  normalized  to  correct  for  these 
polarization  differences. 

Figure  1  shows  the  absorption  spectra  of  sam¬ 
ples  measured  normal  to  the  growth  (sweeping)  axis 
obtained  with  unpolarized  and  polarized  radiation. 

At  85  K,  four  principal  bands  associated  with  as- 
grown  OH"  Impurities  In  synthetic  quartz  have  vib¬ 
ration  frequency  peaks  at  3348,  3396,  3438,  and 
3581  cm*1,  fie  four  bands  behave  very  similarly 
as  a  function  of  sweeping  or  Irradiation.  Figures 
la  and  lc  show  that  for  samples  with  relatively  low 
OH*  concentration,  only  the  3581  cm*1  band  has  a 
strong  narrow  peak  and  an  easily  determined  low 
background  absorption,  whereas  the  absorption  of 
the  other  three  bands  are  broad  and  are  superim¬ 
posed  on  S1-0  lattice  bands.  For  these  reasons  we 
select  the  3581  cm*1  band  to  monitor  changes  In 
as-grown  0H-. 


talned  with  a  wire  grid  Infrared  polarizer  set  at 
45°.  For  the  specific  sample  orientation  used, 
maximum  band  strengths,  approximately  equivalent 
to  the  values  measured  along  the  optic  axis,  are 
obtained  with  a  0*  setting  of  the  polarizer,  and 
are  designated  as  E  Jic.  Minimum  band  strength  Is 
observed  for  90°  rotation  of  the  polarizer,  Indica¬ 
ting  that  the  bands  are  completely  polarized.  Un¬ 
polarized  and  E  ic  absorption  data  differ  only  In 
band  strength,  but  for  reasonable  slgnal-to-nolse 
the  polarized  measurements  require  long  scanning 
times  owing  to  low  polarizer  transmission.  In  this 
paper  we  are  Interested  In  relative  changes  In  the 
defect  centers,  and  we  present  only  the  results 
of  the  unpolarized  radiation. 

Results  and  Discussion 

Point  Defects 

We  are  concerned  with  the  point  defect  struc¬ 
ture  of  as-received  high  quality  synthetic  quartz, 
the  effects  of  ionizing  radiation,  and  changes  due 
to  sweeping  In  an  air  or  vacuum  atmosphere,  lhe 
point  defect  models  associated  with  the  most  common 
substitutional  and  interstitial  Impurities  In 
o-quartz,  and  the  Influence  of  sweeping  or  Irradia¬ 
tion  on  these  defects,  have  been  reviewed  by  a 
number  of  Investigators.’*11 

lhe  major  point  defect  In  as-received  high 
quality  quartz  Is  the  aluminum-metal  defect  center, 
A1-N+  (N  >  LI,  Ns,  or  K).  Irradiating  a  sample  at 
room  teaperature  will  dissociate  Al-M*  and  form 
A1-0H*  and  aluminum-hole  centers,  Al-e+.  In  this 
process  the  Internal  as-grown  OH*  Is  the  source  of 
hydrogen  Ions,  lie  dissociated  alkali  metal  Ions 
have  not  been  observed  by  any  of  the  standard  char¬ 
acterization  techniques,  lie  relative  ratio  of 
A1-0H*  to  Al-e*  defects  depends  on  the  type  of 
electron  traps  available  In  the  crystal,  lie  Al-e+ 
center  thermally  decays  near  270  °C,  and  there  are 
Indications  that  In  this  process  the  defect  Is  con¬ 
verted  to  A1-0H*.  In  turn,  the  A1-0H*  center  ther¬ 
mally  decays  In  the  350  °C  to  450  “C  range,  and  the 
original  Al-H*  center  Is  re-formed. 

There  Is  general  agreement,  that  sweeping  syn¬ 
thetic  quartz  In  an  air  atmosphere,  where  water  va¬ 
por  is  present,  or  In  a  hydrogen  atmosphere,  at  tem¬ 
peratures  between  500  “C  and  550  *C,  will: 


Figures  lb  and  Id  show  that  after  Irradiating 
the  Preirfum-Q  sample  with  1  Mred  of  WCo,  or  vacuum 
sweeping  the  Mgh-Q  sample  for  24  hours,  the  OH* 
bands  are  depleted  In  the  regions  examined,  ft  the 
same  time,  two  bands  associated  with  A1-QH-,  at 
3306  and  3366  car1 ,  are  formed.  We  choose  the 
stronger  3366  car1  band  to  monitor  changes  In  this 
defect  center.  Also,  we  are  mainly  Interested  In 
relative  changes  in  as-grown  OH*  and  Al-OH*  Induced 
by  sweeping  or  irradiation,  and  for  this  purpose  It 
Is  sufficient  to  ceapare  absorption  peak  heights 
Instead  of  calculating  changet  In  the  Integrated 
areas. 

Both  the  3681  and  3366  ear1  bands  have  large 
dichrotc  reties  with  maximum  strengths  when  the 
electric  vector  is  perpendicular  to  the  optic  axis, 
tie.  Dm  band  strengths  shown  in  Fig.  1  measured 
with  unpolarized  radiation  are  close  to  those  ob- 


(1)  Dissociate  A1-M+  and  charge  compensate  the 
substitutional  A!3*  with  hydrogen  to  Iona  an 
Al-OH*  cantor  which  Is  stable  below  the  *■  to 
P-quartz  Inversion  temperature  573  *C. 

(2)  Sweep  the  alkali  metal  lens  towards  the 
cathode,  and  physically  ramove  most  of  them 
from  the  crystal. 

(3)  Not  significantly  affect  the  as-grown  OH- 
bands. 

It  Is,  howtvar,  uncertain  whether  Al-OH*  It  formed 
in  a  one-dtep  process,  with  the  hydrogen  provided 
by  the  external  sourca,  or  whether  the  hydrogen  imu 
is  derived  internally  from  the  at-trewn  OH*,  with 
the  external  hydrogen  replenishing  the  as  grown  OH*, 


In  principle,  one  expects  that  sweeping  a 
crystal  to  a  vacuum  atmosphere,  with  no  external 
source  for  hydropen  Ions,  will  dissociate  Al-K4*  and 
fort*  the  11  -e*  center,  lie  role  of  as-grown  OH-  In 
this  process  Is  uncertain.  There  are  several  possi¬ 
bilities  which  «ist  be  considered: 

(1)  Al-e+  will  form  depending  on  the  availabil¬ 
ity  of  electron  traps. 

(2)  As-grown  acts  as  an  internal  source  of 
hydrogen  Ions  and  stable  Al-OH*  is  formed 
at  the  dissociated  A1-M+  center. 

(3)  Both  defects,  Al-OH*  and  A! -e+,  are  formed 
In  the  same  crystal  region.  Undetermined 
factors  govern  the  preference  of  forming  one 
defect  center  over  the  other. 

(4)  The  A1-0H-  center  exists  as  an  intermediate 
state,  and  after  the  as-grown  OH"  Is  deple¬ 
ted  this  center  becomes  unstable  and  Is 
also  converted  to  Al-e+.  For  this  process 
to  occur  It  Is  necessary  to  assume  that 
unfilled  electron  traps  exist  in  the  crystal. 

(5)  Vacuum  sweeping  effects  are  either  uniform 
across  the  sample,  or,  defect  center  gradi¬ 
ents  arise  between  the  anode  and  cathode. 

These  gradients  will  depend  on  the  Initial 
defect  concentration  and  the  sweeping 
parameters. 

Experimental  verification  of  some  of  these  conside¬ 
rations  will  determine. whether  vacuum  sweeping  is 
effective  in  removing  hydroxide  defects  and  produce 
room  temperature  stable  Al-e+. 

Radiation  Effects 

Figure  2  shows  radiation  Induced  changes  In 
as-grown  OH-  and  A1-0H-  bands  on  a  crystal  con¬ 
taining  A1-L1+  after  exposure  to  7  Nrads  of  ®°Co 
radiation.12  The  sample  was  measured  with  the  In¬ 
frared  beam  parallel  to  the  crystal  growth  axis, 
between  the  *z  and  -z-faces.  The  figure  shows  the 
usual  decrease  of  as-grown  OH*  and  the  formation 
of  Al-OH*  bands,  and  that  the  effects  are  saturated 
by  1  Mrad. 

Figure  3  shows  band  strength  data  after 
1  Nrad  Irradiation  measured  perpendicular  to  the 
crystal  growth  axis,  lie  Initial  as-grown  OH*  dis¬ 
tribution  Is  relatively  uniform  for  about  one  half 
of  the  sample,  and  there  Is  an  approximately  a  50 
percent  band  strength  variation  for  the  other  half 
of  the  crystal.  Ihe  effect  of  room  temperature 
Irradiation  Is  an  almost  uniform  decrease  in  the 
as-grown  OH*  across  the  entire  sample.  At  one  end 
of  the  crystal  where  the  Initial  OH*  concentration 
was  low,  OH*  Is  depleted  after  Irradiation.  The 
Al-OH*  concentration  Is  relatively  uniform  through¬ 
out  the  entire  sample.  Ihe  combination  of  uniform 
Al-OH*  and  residual  as- grown  OH*  In  tome  parts  of 
the  sample  indicates  that  the  formation  of  Al-OH* 
is  limited  hf  the  alumlma*  Ion  concentrstlon.  in 
another  sample,  with  a  high  aluminum  ion  concentra¬ 
tion,  1  Nrad  Irradiation  depletes  all  the.tiH*,  hut 
Al-OH*  varies  by  a  factor  of  two  across  the  sample. 
Considering  the  fact  that  OH*  is  depleted  across 
the  entire  sample,  an  explanation  of  the  Al-OH* 


variation  mist  Invoke  additional  mechanisms,  for 
example,  radiation  Induced  hydrogen  migration  to 
remote  sites. 

These  considerations  are  complicated  by  the 
fact  that  Al-e+  centers  are  also  produced  Airing 
the  Irradiation,  lie  sequence  of  formation  and  the 
factors  that  determine  the  relative  concentration 
of  Al-OH*  and  Al -e+  has  not  been  established.  Does 
Al-e+  form  first  and  then  Al-OH*  when  the  electron 
traps  are  saturated,  or  are  both  defects  created 
simultaneously?  Regardless  of  the  sequence,  the 
final  percentage  of  Al-e+  centers  Is  more  probably 
determined  by  the  concentration  of  the  electron 
traps  rather  than  the  aluminum  concentration,  lie 
interplay  between  the  defect  centers  may  be  clari¬ 
fied  by  studying  Infrared,  ESR,  and  the  optical 
bands  between  2  eV  to  4  eV  as  a  function  of  radia¬ 
tion  dose  and  annealing. 

Aluminum-hole  Centers 

Figure  4  shows  the  effects  of  sweeping  a  crys¬ 
tal  containing  Al-Na*.  This  figure  Is  an  updated 
version  of  Fig.  11  of  Ref.  6.  lie  air  swept  por¬ 
tion  of  the  figure  Is  Identical  with  the  original 
data.  Sweeping  the  sample  In  an  air  atmosphere 
forms  Al-OH*,  but  it  has  no  significant  effect  on 
as -grown  OH*,  lie  sweeping  process  consists  of  a 
gradual  movement  of  ions  towards  the  cathode.  Ills 
migration  of  alkali  and  hydrogen  Ions  towards  the 
cathode  Is  retarded  by  a  barrier  such  as  a  space 
charge  build  up,  or  ion  clogging  In  the  channels 
close  to  or  on  the  cathode  surface.  Ills  can  be  In¬ 
ferred  by  comparing  the  3,  6,  and  12  hour  sweeping 
time  curves.  After  3  hours  of  sweeping  a  0.5  mm 
thick  surface  layer  was  ground  from  the  cathode 
side  of  the  sample,  and  the  crystal  repoltshed.  The 
extent  of  Al-OH*  penetration  within  the  sample,  be¬ 
tween  the  3  and  6  hours  of  sweeping.  Is  attributed 
to  the  physical  removal  of  this  layer,  lie  layer 
was  not  removed  after  the  6  hour  sweeping  and  the 
change  in  penetration  between  6  and  12  hours  Is 
small.  Measurement  of  this  sample  along  the 
sweeping  axis  indicates  Al-OH*,  but  does  not  reveal 
the  Al-OH*  non -uniformity  or  the  incomplete  sweeping 
of  the  sodium  Ions,  lie  radiation  response  of  a 
resonator  fabricated  from  this  bar,  with  a  highly 
non-uniform  sodium  distribution,  would  be 
unpredictable. 

The  right  hand  portion  of  Fig.  4  shows  the 
corresponding  data  for  sweeping  In  a  vacuum  environ¬ 
ment.  tie  Include  results  for  an  additional  12 
hours  of  sweeping,  a  total  of  24  hours.  As-grown 
OH*  Is  depleted  near  the  anode  and  Al-OH*  Is  formed 
In  this  region,  with  effects  extending  through  one 
half  of  the  sample,  8  mm.  lie  surface  layers  were 
not  removed  after  the  12  hours  of  sweeping,  and 
changes  between  12  and  24  hours  are  Insignificant. 
This  again  demonstrates  the  need  for  removing  the 
surface  layers  after  each  weeping  period. 

Ihe  primary  experimental  technique  used  to 
measure  Al-e+  Is  electron  spin  resenence.  Jhis 
topic  has  been  reviewed  extensively  by  Hell13  end 
more  recently  by  Nirfcea  end  iillibertoa."  ft*  ex¬ 
istence  of  Al-e*  In  irradiated  crystalt,  initial iy 
containing  A14T\  has  been  confirmed, by  (ML.  .pe¬ 
eve  r,  to  the  best  of  our  knowledge,  there  to#.  re¬ 
ported  ISA  evidence  for  A1-e+  in  Wm*  ... 


swept  In  a  vacuus  environment  below  the  o-  to 
6-quartz  Inversion  temperature,  573  °C.  The  opti¬ 
cal  absorption  in  quartz,  observed  for  Irradiated 
crystals  between  2.0  eV  and  4.0  eV,  which  gives 
rise  to  a  smoky  color,  has.  been  correlated  with 
the  Al-e*  center.**  The  darkening  of  vacuum  swept 
quartz,  and  the  propagation  of  a  color  front  between 
the  anode  and  cathode  as  a  function  of  sweeping 
time  and  temperature,  has  been  reported.5*16  (Refe¬ 
rences  to  previous  Investigations  are  given  In  Ref. 
5).  In  addition  to  direct  E SR  measurements,  the 
coloration  of  vacuum  swept  quartz  may  also  be  used 
as  an  Indicator  of  Al-e*. 

In  our  experiments,  after  24  hours  of  vacuum 
sweeping,  the  sang) l e  did  not  show  any  darkening. 
Several  2.5  mm  thick  sections  of  this  crystal,  con¬ 
taining  the  anode  region  which  Is  depleted  of  as- 
grown  OH",  were  cut  parallel  to  the  z-face,  and  ex¬ 
amined  by  ESR.1'  The  results  show  that  over  most 
of  the  anode  the  sweeping  Is  98  percent  complete, 
that  Is,  the  Al-Na*  is  dissociated,  and  that  35 
percent  of  the  defects  are  In  the  form  of  Al-e *. 

This  Is  the  largest  percentage  of  aluminum-hole 
centers  ever  observed  for  vacuum  swept  crystals. 
Previous  Inconclusive  ESR  results  on  vacuum  swept 
crystals  may  be  attributed  to  the  fact  that  the 
ESR  sample  position  relative  to  the  electrodes  was 
not  selected  properly. 

The  results  of  this  study  show  that  vacuum 
swept  quartz,  at  least  the  anode  section,  contains 
Al-e*,  A1-0H-,  and  Is  depleted  of  as-grown  OH". 

Al-e*  coexists  with  A1-0H"  In  the  same  region  of 
the  crystal,  and  Al-e*  is  formed  before  all  Al-OH* 

Is  exhausted.  However,  from  Infrared  measurements 
only,  we  can  not  establish  whether  both  defect  cen¬ 
ters  are  formed  simultaneously,  or  whether  Al-OH* 
acts  as  an  Intermediate  state,  and  Al-e*  Is  formed 
after  the  Internal  hydrogen  source  replenishing  the 
A1-0H*  Is  depleted. 

The  results  of  vacuum  sweeping  high  quality 
synthetic  crystals  containing  Al-Na*  are  similar 
to  those  obtained  by  Krefft5  for  natural  quartz. 
Krefft  Investigated  changes  In  the  optical  and  In¬ 
frared  spectra  Induced  by  vacuum  sweeping,  and 
found  that  the  depletion  of  the  as-grown  OW,  the 
relative  Increase  In  Al-OH*,  and  the  propagation 
and  position  of  a  color  front  between  the  anode  and 
cathode  are  correlated.  The  Investigations  carried 
out  by  Krefft  were  performed  on  natural  quartz, 
which  had  such  higher  overall  absorption  levels 
than  the  synthetic  crystals  used  for  our  Investiga¬ 
tions.  Ot  this  basis  It  Is  not  surprising  that  we 
do  not  observe  the  visual  coloration  associated 
with  Al-e*.  Natural  crystals  also  show  substantial 
Al-OH*  bands  before  Irradiation  or  sweeping,  where¬ 
as,  no  A1-0H-  exists  In  our  as-received  synthetic 
quartz. 


Figure  5  shows  experimental  results  for  a 
Promt ws-Q,  U+-co*s>en sated  sample,  which  was  air 
swept  for  several  weeks  at  Sawyer  Research  Products, 
and  then  vacuum  swept  at  our  facility  for  defined 
time  periods.  Me  assume  that  after  this  period  of 
air  sweeping  the  as-grown  OH*  end  Al-Olf  centers 
were  fully  setvrarted.  He  show  data  for  the  rele¬ 
vant  bands  for  the  anode  and  cathode  regions.  Both 


the  as-growr  OH*  and  Al-OH*  bands  show  strength 
differences  between  the  anode  and  cathode,  with  the 
cathode  region  having  a  larger  percentage  of  OH*. 
After  vacuum  sweeping  for  14  days,  the  OH*  content 
of  the  crystal  Is  lowered  both  at  the  anode  and  the 
cathode.  An  additional  14  days  of  sweeping  did  not 
affect  the  bands,  indicating  the  presence  of  a  bar¬ 
rier  against  migration  of  the  hydrogen  Ions.  Fol¬ 
lowing  this  sweeping  period,  a  100  i»  surface  layer 
was  removed  from  the  anode  and  cathode,  and  the 
sample  was  swept  for  an  additional  17  days.  The 
anode  region  has  been  depleted  of  both  as-grown  0H- 
and  Al-OH*,  and  there  Is  also  a  substantial  de¬ 
crease  In  the  OH*  band  at  the  cathode.  Figure  6 
shows  more  detailed  results  of  band  strength  varia¬ 
tion  between  the  anode  and  cathode  at  the  end  of  45 
days  of  sweeping.  l*e  region  free  of  hydrogen  re¬ 
lated  defects  extends  3  to  4  mm  Into  the  crystal,  a 
section  large  enough  for  resonator  fabrication. 

The  depletion  of  both  as-grown  OH*  and  Al-OH" 
bands  In  the  anode  region  has  also  been  observed  by 
krefft5  In  a  sample  that  was  completely  colored  and 
presumably  contains  Al-e*.  Our  sweeping  experiments 
were  carried  out  at  500  °C  while  those  of  Krefft 
were  at  700  °C,  well  above  the  573  “C  Inversion 
tenperature.  The  trigonal  symmetry  of  o-quartz 
changes  to  a  sixfold  synmetry  for  p-quartz,  and  may 
allow  6- quartz  to  accomodate  different,  or  addition¬ 
al,  point  defects.18  Also,  Fraser'  showed  that  for 
natural  quartz  the  anelastlc  losses  associated  with 
Al-H*  are  discontinuous  through  the  Inversion,  and 
that  A1-M*  thermally  dissociates  in  the  6-phase  be¬ 
tween  573  °C  and  700  ”C  without  sweeping.  Conse¬ 
quently,  defect  centers  created  by  vacuum  sweeping 
at  700  “C  may  be  different  from  those  Induced  by 
sweeping  below  573  °C. 

The  removal  of  the  surface  layers  after  short 
sweeping,  times,  for  vacuum  as  well  as  air  sweeping, 
is  a  critical  element  In  facilitating  the  removal 
of  hydrogen  related  defects.  This  Is  especially 
true  for  samples  containing  heavy  concentration  of 
Al-M*  centers.  Higher  electric  fields  will  also 
accelerate  sweeping.  In  our  experiments,  the  elec¬ 
tric  field  was  maintained  consistently  at  1000  V/cm, 
but  It  Is  known  that  higher  fields  can  be  safely 
applied.  It  Is  also  known16  that  vacuum  sweeping 
proceeds  more  rapidly  at  elevated  temperatures,  but 
from  a  practical  point  of  view  It  Is  critical  that 
the  crystal  be  maintained  below  573  °C,  because  the 
®.  to  S- quartz  Inversion  introduces  electrical  twin¬ 
ning,  which  renders  the  material  useless  for  piezo¬ 
electric  resonators. 

Conclusions 

1.  It  is  possible  to  obtain  crystal  regions 
completely  free  of  hydrogen  related  defects  by 
sweeping  the  sanple  In  a  vacuum  atmosphere. 

2.  Stable  aluminum-hole  centers  are  Introdu¬ 
ced  by  vacuum  sweeping  at  500  *C. 

3.  For  vacuus  swept  quartz  aluminum-hole 
centers  coexist  with  Al-OH-  centers  in  the  same 
region  of  the  crystal* 

4.  The  most  efficient  sweeping  process  IS  to 
sweep  for  repeated  short  time  periods,  and  remove 
saaple  surface  layers  after  each  sweeping  period. 
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Figure  1.  Unpolarized  and  polarized  Infrared  absorption 
spectra  for  Premium-!)  and  Hlgh-Q  quartz  measured  per* 
pendlcular  to  the  crystal  growth  axis,  (a)  Premium-!) 
as-received,  (b)  Premlum-Q  after  l  Mrad  60 Co  Irra¬ 
diation,  (cj  Hlgh-Q  as-received,  and  (d)  Hlgh-Q  after 
vacuum  sweeping  for  24  hours. 
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Figure  2.  Hydrogen  related  defect  band  absorptions 
in  unswept  Pretnium-Q  quartz,  measured  parallel  to 
the  crystal  growth  axis,  as  a  function  of  irradiation 
dose. 


Figure  3.  fydrogen  related  defect  band  absorptions 
In  unswept  Premium-Q  quartz,  measured  perpendicular 
to  the  crystal  growth  axis,  before  and  after  1  Mrad 
®°Co  Irradiation. 
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Figure  4.  Hydrogen  related  defect  band  absorptions 
in  High-Q  quartz  as  a  f jnction  of  position  between 
the  anode  and  cathode  after  air  or  vacuum  sweeping 
for  the  indicated  time  periods. 


Figure  5.  tydrogen  related  defect  band  absorptions 
for  air  swept  Pram ium-Q  quartz  Measured  at  the 
anode  end  cathode  after  vacuum  sweeping  (or  the 
Indicated  tine  periods. 


Figure  6.  Hydrogen  related  defect  band  absorptions 
as  a  function  of  position  between  the  anode  and 
cathode  for  an  air  swept  Prewltm-Q  quartz  saaple 
after  vacuum  sweeping  for  45  days. 
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[This  work  is  a  continuation  of  the  work  on  the 
preparation  of  high  purity,  low  dislocation  quartz 
being  performed  at  RADC.  Several  methods  have  been 
investigated  for  the  preparation  of  high  purity 
materials.  The  effect  of  seed  pretreatment  is  also 
discussed.  ^ — 

Introduction 

The  major  portion  of  the  Air  Force  quartz  growth 
program  is  the  development  of  the  production  of  high 
purity,  low  dislocation  quartz  based  on  the  assumption 
that  this  material  will  have  low  frequency  offset  and 
low  etch  tunnel  density.  Previously  we  have  reported 
on  purity  studies  performed  in  our  laboratory.  In 
this  presentation  we  will  present  additional  work  on 
purity  and  some  initial  studies  on  the  effects  of 
seeds  and  seed  pretreatment. 

The  system  used  for  this  work  has  been  described 
previously*  and  consists  of  ten  autoclaves  varying 
in  diameter  from  one  to  four  Inches  which  are  under 
computer  control.  Most  of  the  studies  repo. ted  here 
were  in  the  three  inch  (by  three  feet)  units.  The 
mineralizer  was  generally  hydroxide  and  the  nutrient 
cultured  quartz  with  an  aluminum  concentration  of 
about  15  parts  per  million  atomic.  Some  runs  were 
performed  in  silver  liners  and  some  in  unlined  auto¬ 
claves. 

Results 

A  series  of  runs  were  performed  to  determine  the 
effect  of  using  a  silver  liner  in  the  autoclave  with¬ 
out  a  top.  The  hope  was  that  the  purity  would  not 
be  seriously  affected  In  this  case,  based  on  the 
assumption  that  the  material  deposited  on  the  autoclave 
wall  would  not  be  transported  to  the  seeds  as  rapidly 
as  without  the  liner.  Runs  were  performed  using  an 
unlined  autoclave,  a  lined  autoclave,  and  a  stiver 
liner  without  the  top  which  Is  usually  welded  on.  The 
results  of  chemical  analysis  by  atomic  absorption  are 
shown  in  Figure  1.  It  la  apparent  from  the  results 
that  using  the  same  conditions  there  Is  little  to  be 
gained  using  a  partial  liner,  since  the  unilned  re¬ 
sults  are  as  good  as  those  from  the  partial  liner. 

The  higher  results  in  the  partial  liner  are  probably 
due  to  a  higher  growth  rate  in  this  case.  We  are  at 
present,  growing  with  an  unwelded  top  to  see  if  this 
will  reduce  the  impurities  In  a  growing  crystal. 

A  series  of  runs  was  also  performed  with  and 
without  the  use  of  the  lithium  additive  to  the 
mineralizer.  The  results  in  this  case  are  shown  in 
Figure  2,  Both  lined  and  unlined  autoclaves  were 
tested,  as  well  as  a  carbonate  mineralizer.  The 
aluminum  content  is  somewhat  higher  without  the  lith¬ 
ium  addition  but  not  significantly  higher.  It  is  to 
be  expected  that  the  difference  between  crystals  with 
and  without  lithium  addition  would  be  more  pronounced 
at  higher  growth  rates*. 

All  of  these  studies  seems  to  Indicate  that 
growth  rate  is  the  most  Important  parameter  to  consider 
in  all  cases  where  low  purity  la  desired,  at  least 
down  to  the  parts  per  million  range.  In  the  case  of 
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ultrapure  nutrients^,  where  even  lower  purity  is 
evidenced,  both  the  nutrient  .nd  the  liner  material 
are  also  considerations.  Figure  3  shows  the  effect 
of  growth  rate  on  the  aluminum  content  of  several 
samples.  The  upper  curve  shows  alunlnum  content  with¬ 
out  the  addition  of  lithium  while  the  lower  curve  is 
for  runs  with  lithium  addition.  It  can  be  seen  that 
the  difference  Is  more  pronounced  at  higher  growth 
rates.  In  this  set  of  experiments  we  found  the  alumi¬ 
num  (not  plotted)  to  be  higher  in  the  carbonate  runs 
but  these  were  only  performed  at  growth  rates  above  30 
mils/day.  While  the  lithium  content  increases  also 
with  growth  rate,  the  values  are  not  as  well  defined 
as  for  aluminum.  We  could  find  no  correlation  with 
sodium  either  in  terms  of  growth  rate  or  lithium  addi¬ 
tion.  We  have  also  found  a  relationship  between  the 
growth  rate  and  point  defects  In  the  crystal*. 

Also  about  half  of  the  points  shown  were  crystals 
grown  using  seeds  i corn  the  +x  region  of  quartz  crystals 
again  indicating  that  growth  rate  is  more  significant 
than  type  of  seed. 

The  condition  of  the  autoclave  wall  may  have  an 
effect  on  the  purity  of  the  crystal.  Figure  A  shows 
some  analysis  on  the  coating  material  on  the  wall. 

It  can  be  seen  that  aluminum  is  a  significant  impurity, 
probably  precipitating  early  from  the  hot  mineralizer 
after  it  enters  the  growth  zone  in  the  convective 
current  above  the  baffle.  Also  shown  in  this  figure 
are  the  results  before  and  after  an  extensive  cleaning 
in  the  autoclave.  This  does  indicate  that  some  alumi¬ 
num  in  the  crystal  may  be  picked  up  from  the  wall 
during  growth. 

The  purity  of  the  nutrient  also  affects  the  pur¬ 
ity  of  the  crystal  as  has  been  shown  previously**  . 
However,  there  are  at  least  three  ways  aluminum  can  be 
limited  to  less  than  a  part  per  million  without  the 
use  of  a  liner.  Even  better  purity  can  be  produced 
with  a  liner  but  this  Is  both  expensive  and  complicated 
in  a  commercial  size  autoclave.  The  results  of  some  of 
these  techniques  are  shown  In  Figure  5.  The  first 
result,  devltrlf teat  ion,  was  produced  by  the  recrystal- 
llzatlon  of  high  purity  glasa  (In  a  slver  liner), 
followed  by  growth  In  an  unilned  vessel.  The  second 
result,  recrystallization,  was  the  result  of  the  second 
recrystalllzatlon  of  quartz  from  a  high  purity  (3.3 
ppma  Al)  cultured  quartz  In  an  unilned  vessel.  The 
third  result  was  produced  by  using  only  nutrient  cut 
from  the  Z  growth  area  of  cultured  .samples.  Analysis 
has  shown  that  this  5-10  times  lower  In  aluminum  than 
the  other  areas  of  the  crystal.  Similar  analyses  have 
recently  been  reported’  for  the  S  and  Z  regions. 

Seed  Studies 

Our  effort  in  improving  seed  quality  has  concen¬ 
trated  on  two  areaa,  seed  pretreatment  and  the  uae  of 
seeds  from  the  X  growth  araa.  Using  Z  face  seeds  both 
from  the  Z  growth  and  the  X  growth  area  In  the  same 
autoclave,  Figure  6,  we  obtain  batter  strain  control 
with  the  X  area  seed.  The  growth  rate  of  the  seeds 
was  about  20  mils  par  day,  in  a  silver  liner.  The 
mineralizer  in  this  case  was  sodium  hydroxide  with  no 
lithium  added.  The  aluminum  content  of  the  cryetel 
grown  from  the  X  seed  wee  5  ppma,  with  the  Z  area  teed 
having  a  soma what  higher  aluminum  content.  The  use 
of  this  figure  la  somewhat  optimistic  since  we  do  not 
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always  get  strain-free  crystals  using  the  X  growth 
seeds.  However,  they  are  always  more  strain-free 
than  the  Z  area  seeds  used  In  the  same  run.  We  are 
not  certain  why  some  seeds  do  produce  etrain,  but 
suspect  It  Is  due  to  the  growth  rate  or  seed  treat- 
aent.  In  one  case  (Figure  7),  bubbles  were  produced 
at  the  seed  Interface  with  dislocation  (strain)  lines 
propagating  froa  then. 


We  have  completed  a  series  of  runs  on  the  effect 
of  the  heatlng-up  cycle  on  the  seed  condition  prior  to 
growth.  In  this  case  we  heated  the  seeds  up  for 
twenty-four  hours  to  operating  temperature,  cooled 
down  and  removed  the  seed.  We  have  done  this  for 
untreated  seeds,  HP-etched  seeds,  ammonium  blfluorlde 
seeds  and  chemically  etched  seeds.  There  does  not  ap¬ 
pear  to  be  any  difference  In  the  results  whether  or 
not  a  pretreatment  Is  employed. 


The  growth  rate  appears  to  be  the  aost  important 
factor  In  the  preparation  of  low  aluminum  quartz  crys¬ 
tals,  at  least  down  to  the  parts  per  million  range. 

For  purer  crystals,  liners  and  select  nutrients  are 
required.  Studies  using  seeds  froa  the  X-growth  area 
show  promise  but  more  studies  must  be  done  to  produce 
reliable  results.  Pretreatment  of  seeds  does  not  ap¬ 


pear  to  offer  any  advantages  for  the  growth  of  dis¬ 
location-free  crystals. 
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Figure  l.  Analytical  Results  of  Full  and  Partial  Liners. 
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Figure  6.  Results  of  Cleaning  an  Ualined  Autoclave. 

ALUMINUM*  III  CRYSTALS  PROM  VARIOUS  NUTRIENTS 

1  -  DEVITRIFICATION  -  0.6 

2  -  RE  CRYSTALLIZATION  -  <1 

3  -  Z  GROWTH  -  0.6 

♦PARTS /MILLION  ATOMIC 
figure  S.  Effect  of  Nutrient  on  Purity. 


Figure  7.  Topograph  of  X*arae  food  showing  Interface  Bubbles 
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Experimental 


— ^Many  electronic  devlcea  containing  quartz  cryatala 
operate  In  an  environment  exposed  to  radiation,  and  it 
is  Important  therefore  to  investigate  the  effects  of 
radiation  on  quartz  crystals.  In  the  present  work  we 
JCJ”  show  that  the  technique  of  thermoluminescence  TL  can 

serve  as  a. good  tool  for  such  an  investigation.  We  re¬ 
port  on  TL  measured  in  the  temperature  range  of  IS  - 
300  K.  The  measurements  have  been  carried  out  separa¬ 
tely  on  the  various  growth  sectors  (namely  +X,  -X,  +Z, 
-Z)  of  Y  plates  cut  from  a  Y  grown  bar  of  unswept 
Electronic  Grade  Synthetic  Quartz.  The  well  resolved 
glow  peaks  at  72  K,  80  K,  87  K  and  104  K  were  observed 
for  the  first  time  in  the  present  work.  We  suggest 
that  the  glow  peaks  appearing  only  in  +X  growth  sector 
samples  (namely  135  K,  162  K,  178  K)  after  pra-lrradla- 
tions  at  room  temperature  (RT)  by  x-rays  (white  radia¬ 
tion,  SO  KV,  17  ma),  might  be  related  to  [Ai£+]° 
centers.  The  glow  peaks  above  104  K  in  the  +Z  sector 
samples  are  completely  different  from  those  observed  in 
+X  sector  samples .  ^Ml-glow  peaks  in  this  temperature 
range  progressively  tade  out  with  increasing  predoses 
at  room  temperature.  From  the  measurement:*  and  the  re¬ 
sults  described  in  this  paper  it  can  be  seen  that  one 
or  more  glow  peaks  correspond  to  a  certain  type  of  de¬ 
fect  present  in  various  growth  sectors  and  that  their 
TL  Intensities  are  proportional  to  defect  concentration 
present  in  quartz. 

Introduction 

Alpha-quartz  is  used  in  a  variety  of  electronic 
devices,  e.g.  high  precision  oscillators,  filters, etc., 
where  high  frequency  stability  is  of  prims  Importance. 
It  is  known  that  acoustic  losses  and  frequency  instabi¬ 
lity  in  quarts  crystal  oscillators  are  affected  by  ra¬ 
diation  induced  charge  trapping  at  point  dafacts.  It 
la  therefore  Important  to  understand  thoroughly  the 
origin  and  the  nature  of  these  defects.  Many  electro¬ 
nic  devices  containing  quartz  crystals  operate  in  an 
environment  exposed  to  radiation,  and  it  is  important 
therefore  to  investigate  the  effects  of  radiation  on 
quarts  crystals.  In  the  present  work  we  show  Chat  the 
technique  of  thermoluminescence  TL  can  serve  as  a  good 
tool  for  characterization  of  certain  defects  present 
in  quartz.  Several  investigators have  measured  the 
TL  of  quartz  above  room  temperature,  in  a  wide  variety 
of  natural  amd/or  synthetic  cryatala.  Their  results 
were  found  to  be  sample-dependent.  Low  temperature  TL 
has  received  leas  attention  and  has  been  studied  among 
others  by  Medlln*  mid  Malik  at  al.*  after  irradiations 
at  93  K.  In  tha  present  work  we  report  on  TL  measured 
in  the  temperature  range  of  15-300  K.  The  measurements 
have  been  carried  out  separately  on  the  various  growth 
sectors  in  tha  quarts  crystals,  which  helped  in  tha 
characterisation  of  tha  defects  and  Impurities  in¬ 
volved. 


Y-cut  plates  were  cut  from  a  single-crystal  Y 
grown  bar  of  unswept  Electronic  Grade  Synthetic  Quarts. 
Samples  from  the  different  growth  hectors  of  Y  plates 
(namely  -X,  +X,  -Z,  +Z)  were  cut  In  the  form  of  plates 
having  dimensions  of  10x6x3  mm’.  The  measurements  were 
carried  out  separately  on  the  different  growth  sectors. 
The  samples  were  mounted  in  a  Dlsplex  cryostat  produced 
by  Air  Products  and  Chemicals  Inc.,  designed  for  mea¬ 
surements  in  the  range  10-350  K.  The  crystal  was  fit¬ 
ted  into  a  rectangular  hole  in  the  cold  finger  with  a 
copper  cover  screwed  to  the  holder  using  indium  to 
improve  the  thermal  contact  between  the  crystal  and  its 
holder.  For  the  TL  measurements  the  samples  were  irra¬ 
diated  at  low  temperature  for  a  period  of  100  minutes, 
through  a  thin  (0.3  ■)  aluminum  window  using  white 
radiation  from  a  tungsten  target  at  SO  KV  and  IS  ma. 

The  total  x-ray  dose  in  each  Irradiation  was  dose  to 
2  Mr ad.  After  irradiation  the  cryostat  waa  placed  in 
front  of  an  optical  system  comprising  a  0.25  m  Jarrell- 
Ash  monochromator  and  a  cooled  E.M.I.  96S8R  photomulti¬ 
plier  tube  operated  at  1160  V.  Its  output  was  fed  into 
a  610  Xeithley  electrometer  and  recorded  on  a  chart 
recorder.  This  arrangement  enabled  us  to  take  fast 
scans  (15-20  seconds)  of  the  TL  spectra  over  the  range 
250-700  nm.  A  heating  rate  of  2.5  K/mln  waa  obtained 
by  means  of  a  Melabs  driving  motor  potentiometer  with 
its  output  connected  to  a  precision  temperature  con¬ 
troller.  Temperatures  were  measured  by  a  chromal  vs 
gold  -  0.07Z  iron  thermocouple  pair  connected  to  a 
digital  multimeter  with  its  reference  at  0°C.  Glow 
curves  were  plotted  from  the  spectra  recorded  at  inter¬ 
vals  of  about  2  K.  In  order  to  get  a  batter  insight 
into  the  origin  of  the  TL  changes  in  tha  various  growth 
sectors,  the  crystals  were  also  X  -  irradiated  (50  KV, 
17  ma)  at  room  temperature  for  different  periods  of 
time •  This  radiation  reaulted  in  a  smoky  coloration 
mainly  in  +X  sector  samples  and  laft  the  Z  sector  sam¬ 
ples  uncolored.  Optical  absorption  measurements  after 
room  temperature  pre-irradiation*  were  carried  out  on 
a  Carry  14  spectrophotometer  at  77  K  on  +X  and  +Z 
growth  sectors. 

■Mf.'AlV 

Fig.  1  shows  glow  curves  obtained  from  the  +X 
sector  before  room  temperature  irradiation  (dashed 
curve)  and  after  a  pre-irradiation  at  room  temperature 
for  2.5  h  (solid  curve).  The  glow  curve  for  the  oon- 
lrradlatad  crystal  shows  glow  peaks  located  at  72  K, 

80  K,  87  K,  104  K  and  127  K,  mad  a  complex  of  glow 
peaks  at  higher  temperatures  up  to  about  220  K.  After 
pre-irradiation  at  room  temperature  for  2.5  b  (solid 
curve  in  Figure  1)  the  glow  curve  for  +*  growth  sector 
shows  some  decrease  in  intensity  of  the  peaks  at  72  K, 
80  K  and  87  X  and  104  K,  the  disappearance  of  the  glow 
peak  at  127  K  sad  of  the  complex  of  glow  bends  in  the 
temperature  range  of  137  K  -  16S  K  and  an  increase 
in  intensity  of  tha  complex  of  glow  peaks  hmlehglmg  to 
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the  range  180  X  ~  230  X.  Aleo  shown  Is  Che  appearance 
of  3  new  strong  peaks  at  13S  X,  162  X,  178  X.  These 
3  peaks  Increase  in  intensity  with  the  tins  of  pre- 
irradiations  at  rooa  teaperature  as  can  be  seen  in 
Tig.  2,  which  depicts  the  dependence  of  the  maximal 
glow  peak  intensity  upon  the  total  tine  of  irradia¬ 
tions,  at  rooa  teaperature  (RT)  for  the  different  glow 
peaks  present  in  the  +X  sector  sanple.  The  strongest 
glow  peaks  in  the  +X  region,  after  prolonged  pre- 
irradiations  at  rooa  teaperature,  were  at  162  X  and 
178  K.  The  72  X  and  80  X  glow  peaks  showed  an  emi¬ 
ssion  maximum  near  430  nn  and  that  of  the  shoulder  at 
87  X  was  at  470  na.  Other  glow  peaks  showed  in  gene¬ 
ral  a  maximum  emission  near  380  na.  In  parallel  it 
was  found  by  us  that  curves  of  the  optical  absorption 
spectrum  recorded  in  the  wavelength  range  250-750  nm 
show  after  every  pre-irradiation  at  RT,  intensity 
increase,  with  the  aaxiaal  TL  intensities  of  the  glow 
peaks  at  135  X,  162  X  and  178  X.  Our  measurements  of 
visible  absorption  spectra  show  a  maximum  near  2.5  eV. 
This  kind  of  spectra  was  reported  by  Koumvakalls^  for 
the  aluainua  -  associated  hole  center  [At**.]0.  Fig.  3 
shows  marked  differences  in  the  glow  curves  for  the 
sample  cut  from  +Z  sector.  The  glow  curve  for  the 
non-irradiated  crystal  at  room  temperature  (dashed 
curve)  shows  strong  peaks  at  112  X,  145  X,  162  X  and 
200  X.  The  glow  curve  traced  after  pre-irradiation 
at  rooa  temperature  for  7  h  (solid  curve)  shows  that 
the  intensity  of  the  glow  peaks  appearing  at  tempera¬ 
tures  greater  than  104  X  are  greatly  suppressed.  The 
glow  peak  at  104  X  shows  an  emission  maximum  at  470  na 
and  its  behaviour  with  the  time  of  pre-irradiation  at 
room  temperature  is  similar  to  that  of  the  glow  peaks 
at  72  X,  80  X  and  87  X.  The  dependence  of  the  maximal 
glow  peak  intensities  upon  the  total  time  of  irradia¬ 
tions  at  RT  for  the  various  glow  peaks  encountered  in 
the  TL  curves  characteristic  of  +Z  sectors  is  shovn 
in  Fig.  4.  For  the  peaks  at  72  X,  80  X,  87  X,  104  X 
there  is  a  reduction  in  intensity  after  2.5  h  of  irra¬ 
diation  at  RT  followed  by  a  slight  Increase  in  inten¬ 
sity  after  total  irradiation  times  of  4.5  h,  7  h,  10  h. 
As  shown  in  Fig.  4  other  glow  peaks  are  considerably 
reduced  after  prolonged  pre-irradiation  at  RT.  It  was 
found  by  us  from  the  corresponding  optical  curves  at 
77  X  that  there  la  no  measured  absorption  at  all  for 
the  sample  cut  from  a  +Z  region  after  the  various 
irradiations  at  RT. 

In  order  to  analyse  some  glow  peaks  we  applied 
the  ialtial  rise  method  to  both  +X  and  +Z  crystals. 

This  allowed  us  to  obtain  the  activation  energies  for 
glow  peaks  where  the  initial  rise  was  clearly  resolved. 
These  results  together  with  the  emission  wavelengths 
are  summarised  in  Table  1. 


TABLE  1.  Glow  peak  temperature,  activation  energies 
and  emission  wavelengths  for  the  different 
glow  peaks  found  in  the  quarts  samples 


Glow  Peak 

Activation 

Emission 

Tomoeratura  (X) 

Energy  (eV) 

Wavelanath  (na) 

72 

0.16 

430 

133 

0.213 

380 

162 

0.35 

380 

ftlscuaalon  and  Qonclualona 

To  obtain  a  thorough  understanding  of  radiation 
effecta  In  quarts  crystals  It  Is  necessary  to  consider 
data  obtained  from  measurements  below  room  teaperature. 

To  the  beat  of  our  knowledge  the  well  resolved 
peaks  at  72  X,  60  X,  87  X  sad  104  X  were  observed  for 
the  first  time  la  the  present  work.  These  peaks  ap¬ 
pear  la  both  +X  and  *t  sectors,  which  Indicates  that 


they  are  associated  with  defect  centers  present  in 
both  sactors  at  thee*  temperatures.  The  glow  peaks 
at  72  X  and  78  X  emit  at  430  nm  and  those  at  87  X  and 
104  X  at  470  na.  So  there  are  at  least  two  types  of 
centers  associated  with  these  glow  peaks.  It  has  been 
shown  by  Marks*  and  Halliburton*  that  irradiation  at 
low  temperatures  produces  hydrogen  atoM  H°.  The  atone 
are  detrapped  and  disappear  if  the  quartz  cryatal  is 
heated  much  above  100  X.  We  can  assume  tentatively 
that  the  previously  mentioned  glow  peaks  are  due  to 
the  presence  of  hydrogen  atoms  H°. 

Halliburton  et  al.®  have  shown  that  the  aluminum 
in  aa  received  unswept  quartz  is  primarily  in  the  form 
of  Al-M*  centers  (where  K4-  represents  an  alkali  ion). 

In  addition  they  have  indicated  that  Irradiation  at 
temperatures  above  200  X  converts  the  Al-M*  centers 
into  A1-0H”  centers  and  aluainua  hole  trapped  centers 
fAlt| 1° .  They  have  also  shown  that  A1-0H”  centers  are 
converted  to  aluainim  hole  trapped  centers  by  irradia¬ 
tion  at  77  X.  In  our  case  it  seems  that  the  glow  peak 
at  127  X  and  the  complex  of  glow  peaks  between  137  X 
and  165  X  present  in  +X  growth  sector  samples  (see 
Fig.  1.  dashed  curve)  can  be  correlated  with  A1-K+ 
centers  because  In  this  sector  both  glow  peaks  com¬ 
pletely  disappear  after  rooa  taaperature  irradiations. 
We  suggest  that  the  glow  peaks  appearing  in  +X  growth 
sector  samples  (namely  135  X,  162  X  and  178  X)  might 
be  related  to  [Al**.]0  centers.  Their  TL  intensities 
progressively  Increase  together  with  the  intensities 
of  the  optical  absorption  spectra  measured  after  va¬ 
rious  pre-irradiations  at  room  temperature.  Therefore 
the  TL  for  these  3  glow  peaks  results  from  recombina¬ 
tion  of  electrons  and  holes  at  recombination  centers 
connected  with  defects  of  aluainua  hole  trapped  cen¬ 
ters.  This  suggestion  is  corroborated  by  the  fact 
that  the  3  glow  peaks  at  135  X,  162  X  and  178  X  do  not 
appear  in  +Z  crystals  and  are  characteristic  of  +X 
sector  crystals.  The  glow  peaks  above  104  X  in  the  +Z 
sector  samples  are  completely  different  from  those 
observed  in  +X  sector  samples.  All  glow  peaks  in  this 
teaperature  range  progressively  fade  out  with  increa¬ 
sing  predoses  at  room  temperature.  These  glow  peaks 
may  be  related  to  dissociation  at  Al-M*  centers  which 
may  be  present  in  +Z  sector  samples.  A  final  conclu¬ 
sion  on  this  point  can  not  be  reached  unless  a  swee¬ 
ping  experiment  previous  to  room  temperature  irradia¬ 
tions  is  carried  out.  In  that  case  narked  differences 
should  appear  in  the  glow  curve  for  +Z  sector  samples 
measured  after  completion  of  the  sweeping  process. 

The  TL  technique  is  a  nondestructive  method  for 
measuring  impurity  concentrations  and  various  radiation 
doses.  From  the  measurements  and  the  results  described 
in  this  paper  it  can  be  shown  that  one  or  more  glow 
peaks  correspond  to  a  certain  type  of  defect  present  In 
various  grovth  sectors  and  that  their  TL  lntensitlea 
are  proportional  to  defect  concentration  present  in 
quarts. 

The  above  results  were  obtsioed  on  electronic 
grade  quarts  crystals.  Additional  experiments  are  in 
progress  and  measurements  ars  planned  on  premium  hlgh-Q 
grade  crystals.  It  is  hoped  that,  the  investigation 
will  enable  us  to  continue  to  clarity  the  nature  of  the 
various  defects  snd  impurities  incorporated  in  these 
growth  sectors. 


TL  INTENSITY  (Arb  units) 
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♦  X  GROWTH  SECTOR 


Figure  1.  Glow  curve  for  the  +X  growth  sector  saaple 
Irradiated  at  low  teaperature  only  la  given 
by  the  dashed  curve.  The  solid  curve  shows 
a  glow  curve  for  the  ease  saaple  except  thet 
the  low  teaperature  Irradiation  is  preceded 
by  a  2.5  hours  irradiation  at  rooa  teapera¬ 
ture.  Off  scale  value  of  the  72  K  peak 
intensity  la  Indicated. 


♦X  GROWTH  SECTOR 


ROOM  TEMPERATURE  (HOURS) 


Figure  2.  The  dependence  of  the  aaxlnal  glow  peak  in¬ 
tensity  upon  the  total  Irradiation  tlae  at 
rooa  tsaiperature  for  the  different  glow 
peaks  present  In  the  +1  growth  sector  saaple. 
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♦2  GROWTH  SECTOR 
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Figure  3.  Glow  curve  for  the  +Z  growth  sector  staple 
Irradiated  at  low  temperature  only  la  given 
by  the  dashed  curve  (1).  The  solid  curve(2) 
showa  a  glow  curve  for  the  ease  saaple  except 
that  the  low  tenperature  irradiation  la  pre¬ 
ceded  by  a  7  hours  Irradiation  at  roon  tear 
perature.  Off  acale  values  of  the  72  K  peak 
intensities  for  curve  (1)  and  curve  (2)  are 
Indicated. 


♦  Z  GROWTH  SECTOR 
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Figure  4.  The  dependence  of  the  naxlnal  glow  peak  In¬ 
tensity  upon  tha  total  irradiation  tins  at 
roon  tenperature  for  the  different  glow  peeks 
present  la  the  +Z  growth  sector  saaple. 
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O  — Cathodoluolnescsnce  (CL)  in  a  scanning  electron 
^  microscope  (SUM)  is  used  ini  the  present  work  for  in- 
|n^  veatlgatlng  various  growth  sectors  found  in  synthetic 
quarts  crystals.  This  is  a  relatively  slsgle,  rapid 
\  and  non-dea tractive  nsthod  which  gives  a  very  high 
_  resolution.  Our  results  using  CL  correlate  veil  with 
those  obtained  by  other  uethoda,  e.g.  x-ray  topography 
and  light  scattering  tonography.  The  advantages  of  CL 
technique  over  other  swthode  are  deecribed  in  detail 
and  diacuaaed.  <" 


Introduction 


The  various  crystal  defects  and  inpurltles  found 
in  synthetic  quarts  crystal  resonators  influence  consi¬ 
derably  their  frequency  stability  and  quality  factor  Q. 
it  la  therefore  important  to  understand  the  origin  and 
the  nature  of  such  defects  and  to  find  staple  experi¬ 
mental  mat hods  for  their  investigation.  So  far  these 
defects  have  been  Investigated  by  X-ray  topography1-5 
and  by  light  scattering  tomography*-5. 

In  the  present  work  we  describe  a  relatively 
simple  and  rapid  method  for  investigating  various 
growth  sectors  found  in  synthetic  quarts  crystals  by 
usa  of  cathodoltMiaescance  (CL)  in  a  MM*.  This  is  a 
non-destructive  method  which  gives  a  very  high  resolu¬ 
tion  sad  it  is  suitable  for  the  investigation  of  layers 
of  the  crystal  close  to  the  surface.  Our  results  using 
cstbodolamlnescsncs  correlate  wall  with  those  obtained 
by  other  methods,  e.g.  X-ray  topography  and  light  sca¬ 
ttering  tonography.  The  advantages  of  catho do lumines¬ 
cence  technique  over  other  methods  will  be  described 
in  detail  and  discussed. 

Experimental 

The  investigation  was  carried  out  on  several 
quarts  plates  cut  from  e  single  crystal  T  grown  bar  of 
un swept  Electronic  Credo  Quarts  perpendicular  to  the  Y 
axis.  These  crystals  comprised  the  different  growth 
sectere  of  Y  plates,  sanely  +X,  -X,  H,  -I.  The  see- 
plea  wen  covered  by  a  Mia  Layer  af  cmrboo  (80  A 
thlckaaea)  for  avoiding  specimen  charging  during  the 
electron  homo  ■ Pawning  of  tha  surface.  Catho dolumlnes- 
ceneo  studios  wore  amis  in  a  Cambridge  •taraoican  S4 
SKM.  The  crystals  wars  scanned  by  an  electron  bean  of 
30  M0  {pooetratioo  depth  of  sbost  7pm).  the  diameter 
of  the  Maarten  bans  mao  about  1pm  and  tha  tilting 
angle  af  the  sample  was  aaar  49°.  The  omitted  radia¬ 
tion  can  —Masted  by  a  qmtrtx  Isas  which  focused  it 
onto  the  phoeooochods  of  alb  Ml  8299  »  photomultiplier. 


Results  end  Piecuoeion 

Fig.  1  shows  the  C.L.  panchromatic  micrograph  of 
the  various  growth  sectors  found  in  e  quarts  T  plate. 
This  is  a  compoeite  micrograph  formed  from  6  pictures 
of  different  Integrated  cethodoluainescence  patterns 
taken  from  a  quarts  sample  before  irradiation  at  room 
temperature.  Strong  and  well  defined  luminescence 
patterns  were  obtained  from  +X  growth  zone  including 
growth  striatlons  decorated  by  impurities.  The  lumi¬ 
nescence  of  -X  growth  cone  was  in  general  similar  to 
that  of  the  +X  zone  but  sometimes  lower  in  intensity. 

The  +2  and  -2  growth  aectora  gave  only  faint  lumines¬ 
cence,  if  at  all.  In  the  later  growth  sections,  growth 
striatlons  are  seen  as  continuations  of  the  correspon¬ 
ding  ones  In  the  +X  growth  sector.  It  has  been  shown 
that  the  Z  growth  sectors  have  the  lowest  Impurity 
content  and  this  is  compatible  with  the  fade  out  of 
luminescence  in  these  sectors.  Similar  growth  strla- 
tions  are  often  observed  by  X-ray  topography1  and  by 
light  scattering  tomography5  in  the  growth  sectors  of 
the  Y-cut  plates.  They  are  in  general  cauaed  by  va¬ 
riations  of  lattice  parameter  associated  with  changes 
In  the  impurity  segregations  during  the  variation  of 
the  growth  rate.  Growth  sector  boundaries  ere  also 
observed.  It  has  been  reported1  that  the  presence  of 
growth  striatlons  Is  associated  with  a  higher  equiva¬ 
lent  series  resistance  of  the  resonator  and  that  the 
different  deleterious  defects  change  the  nature  of  the 
resonator  vibrations . 

The  cathodoluminescence  method  used  in  the  present 
investigation  has  some  advantages  over  other  methods: 

a)  Unlike  other  methods,  for  example  X-ray  topography 
this  is  a  non-destructive  method  and  only  the  surface 
of  the  sample  is  bombarded  for  very  short  periods  of 
time  (a  few  seconds)  by  low  energy  electrons.  There¬ 
fore  the  damage  to  the  crystal  is  much  less  significant. 

b)  The  samples  are  used  as  grown  crystals  snd  it  is  not 
ntesssary  to  slice  them  to  a  thickness  of  las.  In  the 
X-ray  topography  one  snist  consider  the  dependence  of 
the  topographic  contrast  of  X-rays  upon  the  thickness 
of  tha  samples  and  the  structure  of  defecta  in  them. 

The  specimens  must  always  be  sliced  because  X-ray  beams 
art  not  transmitted  by  very  thick  saaples.  c)  The  me¬ 
thod  givaa  a  vary  high  resolution.  It  la  worth  mention¬ 
ing  that  tha  aaaleat  and  most  convenient  wmy  to  achieve 
an  optimum  spatial  resolution  is  to  usa  electron  beam 
excitation  in  a  SEM.  Focussing  and  positioning  of  tha 
beam  are  much  aaalar  in  a  scanning  electron  microscope 
than  In  systems  based  on  optical  excitations  (as  In  the 
case  of  light  scattaring  tomography).  The  recording  of 
micrographs  is  alao  much  aasiar  in  such  m  instrument . 
d)  it  is  vary  suitable  for  the  investigation  of  layers 
of  the  crystal  close  to  the  surface. 


1*  order  to  gain  better  insight  into  the  origin  of 
the  1  mains sc ernes  la  tbs  various  growth  sectors  some  of 
tbs  crystal  plates  were  Irradiated  by  x-rays  (white 
radiation,  90  XT,  17  an)  at  room  temperature  for  e 
period  of  9  hours. 


Fig.  2  shows  the  CL  panchromatic  micrograph  of  the 
various  growth  sectors  of  the  sms  crystal  as  in  Fig.  1 
after  irradiation  at  room  taaperature  by  X-ray  white 
radiation  for  a  period  of  9  hours.  This  radiation 
caused  a  smoky  coloration  la  OX  end  -X  growth  sectere 
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and  left  tha  Z  aacCors  unco lo rad.  After  thla  irradia¬ 
tion  tha  cathodolumineacence  patterns  obtained  Iron  +X 
and  -X  growth  aactora  under  the  a ana  experimental  con¬ 
dition  aa  for  Fig.  1  (a.g.  tha  aama  accelerating  vol¬ 
tage,  beam  currant,  tha  aama  voltage  on  the  photomul¬ 
tiplier  etc.)  are  much  weaker  than  thoaa  observed 
before  the  irradiation.  It  has  bean  shown  by 
Halliburton  at  al?  that  the  aluminum  in  aa  received 
unswept  quarts  ia  primarily  in  the  form  of  Al->r  cen¬ 
ters  (M+  -  represents  an  alkali  ion).  After  room 
temperature  irradiation  these  centers  are  converted 
into  Al-OIT  and  aluminum  hole  trapped  centers.  So  it 
may  be  suggested  that  the  strong  luminescence  in  the 
+X  and  -X  growth  sectors  of  the  sample  before  any 
irradiation  at  room  temperature  arises  from  recombina¬ 
tion  of  electrons  with  holes  trapped  adjacent  to  A1-M+ 
centers.  This  is  because  the  CL  fades  out  in  the  both 
+X  and  -X  growth  sectors  after  room  temperature  irra¬ 
diation  and  so  it  may  be  related  to  dissociation  of 
Al-lr  centers  present  eventually  in  these  growth  sec¬ 
tors.  A  final  conclusion  can  be  reached  only  after 
carrying-out  a  sweeping  experiment  on  the  sample  be¬ 
fore  any  room  temperature  irradiation  and  thorough  in¬ 
vestigations  of  C.L.  spectra  from  low  to  room  tempera¬ 
tures  carried  out  separately  on  the  various  growth 
sectors  in  the  quarts  crystals. 
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Figure  1 .  The  panchromatic  CL  micrograph  of  the 

various  growth  sectors  present  in  a  quarts 
Y  plate.  This  is  a  composite  micrograph 
of  different  Integrated  CL  patterns  taken 
before  irradiation  at  room  temperature. 


Figure  2.  The  panchromatic  CL  micrograph  of  the  var¬ 
ious  growth  sectors  of  the  some  crystal  as 
la  Figure  1  after  Irradiation  at  worn  tem¬ 
perature  tor  5  hours  by  X-ray  white  radia¬ 
tion. 
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— aa  improvements  *  have  Been  made  on  the  laser 
Ey  interferometric  measurement  system  «f 
vibration  displacements '  of  quarts  crystal 
resonators.  In  this  paper ,  the  following 
modification*  have  been  made:  the  DC  phase 
control  end  the  small-deviation  low-frequency 
phase  modulation  are  introduced  on  a  laser 
beam.  Tbs  amplitude  of  the  vibration 
displacement  is  obtained  as  a  digital  data.  A 
measumnt  and  processing  of  data  are  made  by 
the  computer  system.  The  improved  system  can 
be  used  to  tho  measurement  of  vibration 
displacement  down  to  five  angstroms  within  a 
few  percent  repeatability  in  the  frequency 
range  from  1  Mix  to  10  MHz.  Using  this 
system,  the  detailed  vibration  displacement 
distributions  of  s  piano  convex  SC-cut  qparts 
crystal  resonators  have  been  measured  . 


Introduction 

He  have  previously  developed  the  laser 
interferometric  measurement  system*  of 
vibration  displacements  introducing  a  low 
f reqOency  phase  modulation  into  ons  of  the 
laser  bsams  and  provsd  it  to  be  a  powerful 
means  for  measuring  displacements  of  plano¬ 
convex  At-cut  quarts  crystal  resonators.  In 
this  measurement  system,  the  peak-to-peak 
values  qf  the  vibration  frequency  component 
and  the  modulation  frequency  component  in  the 
output  of  the  photodetector  are  measured,  and 
the  vibration  displacement  is  calculated  from 
the  ratio  of  these  values, 

in  this  paper,  tbs  following 
modifications  hav#  been  made  in  order  to  apply 
the  digital7  measurement  technique  to  the 
msissrewnt  system  mentioned  above.  IK  tbs 
imptovsd  system,  DC  phase  control  and  tbs 
small-* deviation  lowfta^ienfcy  Stedulaiion  Srs 
adapted  by  •  the  PJT-drivan  mirror  phase 
modulator,  so  that  the  two  output  signals  of 
the  phOtO  detector  become  the  pots  sineeoidal 
waves.  Tbs  voltage  ratio  of  the  two  Signals  Is 
mediated  end  converted  to  the  digital  signal 
by  s  digital  level  meter .  fheeorrdepondiftq 
amplitude  Of  tbs  vibration  displacement  la 
csicillted  from  tbs  digital  signal  By  a 
microcompetOr  system.  '  *'  '■  "• 

The  fssturss  of  the  improved  measurement 
awatam  esmi  '  -  •  7A 


the  optimally  approximatad 

displacement  distribution  functions  and 
the  drawing  a  graph  of  the 
displacement  .distribution*  can  be  easily 
'  made.  . 

in  order’to  evaluate  the  pecformanca  of 
tho  measurement  system,  measurements  hive  been 
made  on  a  sample  resonator  whose  displacement 
amplitude  has  been  ^already  known  well.  By 
using  the  new  measurement  system,  the 
distributions  of  tbs  three  dimensions! 
vibration  didplacement  components  Of  the, 
fundamental,  the  third  overtone,  and  the  fifth 
overtone  plano-convex  SC -cut  quarts  crystal 
resonators  have  been  measured. 


Principle  of  Measurement 


Fig.  1  shows  the  fundamental  arrangement 
of  the  laser  interferometric  measurement 
system  in  the  case  of  the  measurement  of 
vibration  displacements  perpendicular  to  the 
surface  of  the  resonator  under  study.  .The 
laser  beam  ,  emitted  from  a  laser  unit  , 
separated  into  two  beams  by  a  half  mirror.  One 
of  these  beams  is  projected  onto  tbe  mirror, 
and  the  other  beam  is  focused  onto  one  point 
on  the  resonator  surface.  The  refrected  two 
beams  from  the  mirror  and  the  resonator  are 
superposed  by  the  half  mirror  and  are 
collected  to  the  avalanche  photo  diode  by  a 
condenser  lens.  In  the  presence  of  a  vibration 
displacement  Ocoewt  to  be  measured,  the  beam  A 
undergoes  a  phase  modulation  of 
(47C/a)  Ucoawt,  where  X  is  the  wavelehgth  of 
the  laser  light.  When  the  DC  phase  control 
4>oc  and  the  lowfrequency  phase  modulation 
$cospt  are  introduced  into  the  laser  beam  B  , 
the  beam  B  undergoes  a  phasa  modulation  of 
toe*  $  cospt.  Henco,  the  light  Intensity 
incident  upon  the  photo  detector  is  sxpreseed 
as  tha  following  auation. 


I  ■la*  +8b*  +2KaKb  .cos  (4*  DCV^coept+^Ucoswt) 


where..  Sa  sad  Kb  are  tha  amplitude  of  tha  taaam 

\ f*°&e #pbesePe»a  ft*  ad  haas^i  if-  aiijaetad  to 
n/t  ,  the  light  lateasltyei  tqea.Tl)  besoms* 
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Since  the  range  of  displacement  U  of  our 
concern  is  not  more  than  several  hundred 
angstroms,  and  the  deviation  of  the  low- 
frequency  phase  modulation  is  controled  to  be 
sufficiently  small,  the  approximations  (J<<X  , 
and  £  <<1  can  be  appllied.  Then,  the  Equa. (2) 
becomes  as  follows. 


I»Ea*  +Eb*  -2EaEb<pcoapt-^^  EaEb -Ucoswt 


(3) 


The  output  of  the  photo  detector  is 
propotional  to  the  light  intensity  incident 
upon  the  detector.  Therefore,  the  output  of 
the  photo  detector  containes  the  two 
components;  the  low-frequency  component  10  , 
the  3rd  term  of  Equa.  (3)  which  depends  only 
on  the  intensity  of  the  two  beams,  and  the 
vibration  frequancy  component  11  ,  the  4th 
term  of  Equa.  (3),  which  depends  not  only  on 
the  intensity  of  the  beams  but  also  on  the 
amplitude  of  the  vibration  displacement.  By 
using  the  ratio  of  the  amplitudes  of  these  two 
components,  the  amplitude  of  vibration 
displacement  is  expressed  as  follows: 


One  of  these  beams  is  projected  onto  the  PZT- 
driven  mirror  and  the  other  beam  is  forcused 
onto  one  point  on  the  resonator  surface.  The 
refracted  beams  from  the  mirror  and  the 
resonator  surface  are  superposed  by  the  half 
mirror  and  focused  on  to  the  avalanche  photo 
diode  by  a  condenser  lense.  The  resonator 
under  study  is  attatched  to  the  measurement 
jig  which  can  be  moved  along  the  bench  surface 
and  the  direction  perpendicular  to  it  and  can 
be  rotated  in  any  direction  around  the  center 
of  the  resonator  surface.  The  output  signal  of 
the  avalanche  photo  diode  is  separated  into 
two  signals.  One  of  these  signals  is  filtered 
by  LPF  and  the  other  is  filtered  at  the 
frequency  of  the  measured  displacement  and 
coverted  to  the  20  kHz  signal  by  a  selective 
level  meter.  The  output  signals  of  the  LPF  and 
the  selective  level  meter  are  led  to  the 
digital  level  meter.  The  ratio  of  these  two 
signals  is  converted  to  the  digital  signal  in 
dB  value  by  the  degital  level  meter.  A 
microcomputer  system,  which  is  composed  mainly 
of  a  8  bit  microprocessor,  makes  control  of 
the  digitl  level  meter  and  storage  of  the 
data.  A  minicomputer  system  can  make  a 
determination  of  the  optimally  approximated 
displacement  distribution  function  and  make  a 
graph  of  the  displacement  distributions. 
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Therefore,  if  the  deviation  of  low  frequency 
phase  modulation  is  estimated  beforehand,  the 
amplitude  of  vibration  displacement  can  be 
calculated  from  the  ratio  of  10  and  II.  The 
etimation  of  <p  ,  i.e.  the  estimation  of  the 
absolute  magnitude  of  the  displacement  can  be 
made  by  the  method  proposed  in  the  previous 
paper . ' 


Fig.  3  show  the  optical  arrangement, 
which  is  called  the  Mach-zehnder 
interferometer,  for  the  measurement  of 
vibration  displacements  parallel  to  the 
resonator  surface.  In  this  case,  the  laser 
beams  ,  one  of  which  undergoes  DC  phase 
control  and  the  low-frequency  phase 
modulation  by  the  PZT-driven  mirror,  are 
focused  on  one  point  of  the  resonator  surface 
at  the  incident  angle  45  degrees.  Scattered 
beams  perpendicular  to  the  surface  are 
collected  by  the  condenser  lense  and  forcused 
on  the  avalanche  photo  diode. 


In  the  case  of  the  measurement  of 
vibration  displacements  parallel  to  the 
resonator  surface,  the  measurement  can  be  made 
simply  by  changing  the  arrangement  to  the 
Mach-zehnder  interferometer.  In  this  case, 
vibration  displacement  U  parallel  to  the 
resonator  surface  is  expressed  as  follows: 

Jntiui 


Measurement  system 

Fig. 2  shows  the  laser  interferometric 
measuremen  system.  Measurement  system  is  made 
up  of  the  three  parts:  the  laser 
interferometer,  the  opticasl  detection  system, 
and  the  microcomputer  and  minicomputer  system. 
The  optical  arrangement  depicted  in  Fig. 2  is 
Michelaon  interferometer  for  the  measurement 
of  the  vibration  displacement  perpendicular  to 
the  resonator  surface.  The  interferometer 
is  formed  on  an  optical  bench  and 
covered  witha  plastic  case  in  order  to  reduce 
the  interference  of  envlromental  mechanical 
disturbances  and  fluctuations  of  the  air.  The 
laser  beam  emitted  from  a  He-Ne  laser  is 
separated  into  two  beams  by  a  half  mirror. 


Performance  of  Measurement  system 

In  order  to  test  the  performance  of  the 
improved  system,  the  measurement  of  a  plano¬ 
convex  AT-cut  quartz  crystal  resonator 
(1 . 5MHz)  has  been  made.  Fig. 4  shows  the 
relation  between  the  driving  current  of  the 
resonator  and  the  displacement  component 
parallel  to  the  resonator  surface.  The  good 
linearity  has  been  obtained  between  these  two 
values.  The  lower  limit  of  measuring  range, 
in  this  case  4  angstroms,  has  been  determined 
by  the  total  gain  of  the  optical  detection 
system.  The  repeatability  of  measurement  of  a 
few  percent  has  been  obtained  in  the  range 
from  5  angstrroms  to  600  angstroms.  From  the 
measurement  of  the  third  and  the  fifth 
overtone  mode  of  the  same  resonator,  it  has 
been  shown  that  the  performances  of  the  system 
are  nearly  equal  at  4, 5MHz  and  7.5  MHz. 


Measurement  of  SC-cut  quartz  crystal* 
resonators 

As  an  application  of  the  measurement 
system,  measurements  of  plano-convex  SC-cut 
quarts  crystal  resonators  have  been  made.  Pig. 
5  shows  schematic  view  of  the  samples  and 
Table  1  shows  the  dimensions  of  the  three 
samples.  The  results  measured  on  the 
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fundamental  mode  of  sample  1  ate  shown  in  Fig. 
6.  Ux  is  the  displacement  component  parallel 
to  the  x-direction,  Uz  parallel  to  the  z- 
direction  ,  and  (Jy  perpendicular  to  the 
resonator  surface,  respectively.  The 
distribution  of  the  largest  component  Ux  is 
confined  in  the  center  region  of  the  plate  and 
is  similar  to  the  thickness-shear  mode  of 
plano-convex  AT  cut  resonators.  However,  the 
magnitudes  of  Uz  and  Uy  are  about  one  fourth 
of  that  of  Ux,  and  the  relative  amplitudes  of 
Uz  and  Uy  are  nearly  five  times  of  those  of 
the  At-cut  resonators.  Fig.  7  and  8  show  the 
distributions  of  the  3rd  overtone  SC-cut 
resonator  (samp le2)  and  5th  overtone  SC-cut 
resonator  (Sample3)  respectively.  In  all 
cases,  the  relative  magnitudes  of  Uz  and  Uy 
are  much  larger  than  those  of  the  AT-cut 
resonator.  Consequently,  it  can  be  said  that 
the  dependency  of  Q  factor  of  the  SC-cut 
resonator  upon  the  gas  pressure  in  the  holder 
should  be  fairly  large  compared  with  that  of 
the  AT-cut  resonator. 


Conclusion 

Improvements  have  been  made  on  the  laser 
interferometric  measurement  system  of 
vibration  displacement  of  quartz  crystal 
resonators.  It  has  been  shown  from  the 
measurement  of  a  sample  resonator  that  the 
measurement  of  vibration  displacement  can  be 
made  down  to  five  angstroms  within  a  few 
percent  repeatability  in  the  frequency  range 
from  1  MHz  to  10  MHz.  By  using  the  new 
measurement  system,  the  distributions  of  the 
three  dimensional  vibration  displacement  of 
the  plano-convex  SC-cut  resonators  have  been 
studied.  The  results  show  that  the  vibration 
mode  is  similar  to  the  thickness-shear  mode  of 
the  piano  convex  AT-cut  resonator,  however, 
the  relative  amplitude  of  the  vibration 
component  perpendicular  to  the  surface  is 
nearly  five  times  of  that  of  the  AT-cut 
resonator.  From  these  results,  it  is  concluded 
that  this  measurement  system  can  be  a  powerful 
means  for  the  study  of  quartz  crystal 
resonators. 
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Abstract 

— 5-hhe  stress-frequency  effect  exists  for  both 
bulk  and  surface  acoustic  wave  devices,  and  has 
been  stud1ed\for  more  than  thirty  years.  Eight 
years  ago  these  studies  led  to  the  discovery 
of  the  SC- ,  ejr  "stress-compensated"  cut,  which 
has  found  widespread  acceptance  for  many  frequency 
control  applications.  The  calculations  required 
to  obtain  KffT)  characterizing  the  effect  are 
very  elaborate.  Incorporating  as  they  do  the 
Influences  of  lattice  deformation  and  the  third- 
order  elastic  constants.  a.', 

These  calculations,  fiave  been  carried  out 
previously  by  EerNIssr  for  the  three  thickness  er:  ' 
plate  modes  at  slx^values  on  the  upper  zero  , 
temperature  coefficient  (ZTC)  locus.  The  results 
have  now  been  used  to  extract  s1«q>le  polynomial 
coefficients  that  permit  computation  of  Kfbn, 
as  well  as  several  other  pertinent  measures. 

In  simple  engineering  form  for  Intermediate-^-  T 
values.^— 

Key  Words 

Resonators,  Frequency  Control,  Acoustic 
Haves,  Quartz  Crystals,  Doubly  Rotated  Cuts, 

Bulk  Acoustic  Haves,  Force-frequency  Effects, 
Piezoelectric  Crystals. 

Introduction 

The  stress-frequency  effect  was  observed 
more  than  thirty  years  ago  for  radial  edge  forces 
applied  to  quartz  discs.  References  1  through 
4  contain  In  their  bibliographies  a  rather  complete 
listing  of  work  In  this  area.  The  recent  paper 
by  Oura,  et  al.s  Indicates  that  Interest  In, 
and  practical  application  of  the  effect  have 
not  waned. 

Studies  related  to  this  effect  led  to  the 
discovery  of  the  stress-compensated  SC  cut  a 
few  years  ago.  The  Introduction  of  this  doubly 
rotated  cut  and  others  close  In  orientation  to 
It  Is  beginning  to  yield  very  appreciable  practical 
dividends,  and  to  spur  additional  work  on  electrode 
effects.  Sherman's  paper®  Is  a  case  In  point. 

Because  the  stress-frequency  effect  depends 
upon  rather  elaborate  calculations  Involvllng 
nonlinear  elastic  coefficients.  It  Is  often  Inconvenient 
to  "build  In"  Its  Influence  In  analytic  expressions. 

For  this  reason,  a  simple  expression  for  Kf(<f) 
was  developed  for  the  AT  cut,'  based  on  a  feast-squares 
curve  fit.  In  this  paper  the  method  Is  extended 
to  doubly  rotated  quartz  discs  vibrating  In  the 
three  thickness  modes.  The  present  formulation 
Is  useful  primarily  because  of  Its  simplicity. 

The  engineering  coefficients  obtained  contain 
the  Information  derived  from  the  complicated 
ab  Initio  calculations,  but  they  may  be  applied 


much  more  easily  to  practical  problems. 

It  might  be  thought  that  with  the  advent 
of  the  SC  cut,  where  electrode  stress  effects 
are  absent,  or  negligible,  one  would  have  no 
need  for  considering  any  other  cuts.  This  Is 
not  so.  Cuts  other  than  the  SC  are  currently 
In  use  for  a  number  of  reasons: 

e  In  oven  controlled  crystal  oscillator  (OCXO) 
applications,  achieving  a  desired  turnover 
temperature  requires  extremely  tight  8 
tolerances;  these  are  lessened  by  changing  >1. 

e  At  ^  angles  other  than  that  of  the  SC,  one 
or  more  of  the  following  can  be  Improved: 
amplitude-frequency  effect,  c-mode  phase 
noise,  b-c  mode  separation,  piezoelectric 
coupling,  etc. 

In  these  cases  it  Is  necessary  to  know  the  effect 
on  stress-frequency  of  the  departure  from  the 
SC  cut.  From  our  results  the  necessary  meas¬ 
ure  of  sensitivity  may  be  obtained.  Additionally, 
since  the  results  cover  all  three  modes,  the 
Influence  of  stress  effects  on  multi -mode  oscilla¬ 
tors  Is  available  for  all  values. 

Edge-Stress 

In  Fig.  1  are  shown  the  definitions  for 
angles  j4  ,  9  ,  and  f  .  The  angles  p  and  8 
specify  the  doubly  rotated  orientation,  while 
i/'  specifies  the  edge-force  azimuth  angle. 


Figure  1.  Reference  angles  0  and  0  specifying 
doubly  rotated  plates,  and  force  azimuth  angle  q>. 
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Figures  2  through  7  griph  tht  Input  data 
obtained  by  EerNIsse  using  a  variational  approach*. 
The  data  are  for  the  three  thickness  nodes  (a. 
b.  I  c),  and  represent  values  of  Kf  at  roughly 
5°  t  Increments.  The  t  angles  are  0°  (AT  cut), 

10°,  150  (fc  cut),  19.10  (if  eut),  22.4®  (SC  cut), 
and  30°.  The  6  angles  are  such  as  to  place  the 
orientations  on  the  zero  temperature  coefficient 
(ZTC)  locus,  with  I&I  *  340  .  350.  it  should 
be  noted  that  the  results  to  be  given  below  are 
for  this  so-called  upper  ZTC  locus;  they  should 
not  be  extrapolated  to  the  lower  locus.  The  figures 
also  contain  the  least-squares  fitted  curves  passed 
through  the  data  points. 


0*0* 
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4* 

Figure  2.  Input  data  points  and  resulting  curve 
fits,#  -o°. 
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Figure  3.  Input  data  points  and  resulting  curve 
fits,  #  ■  10°. 
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Figure  4.  Input  data  points  and  resulting  curve 
fits,  #  -  150. 
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Figure  5.  Input  data  points  and  resulting  curve 
fits,  #  -  19.10. 
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Figure  f .  Input  date  points  and  resulting  curvt 
fits,  9  • 


Table  2  -  Values  of  bpr  for  Modes  a,  b,  and  c. 
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figure  7.  Input  data  points  and  resulting  curve 
fits,  /  -  30<>. 


Formulas  and  Coefficients 

With  due  regard  for  the  syiwie  tries  involved, 
and  for  the  accuracies  of  both  the  Input  data 
and  of  the  resulting  curve  fit,  the  following 
expressions  were  used  for  the  fitting  functions: 

K {(+,<?)  =  £  A„  (f) 

"•«  a 

+  Z  Sf(d)  S««  (l) 

r-i 
s 

A"(^)m  s  cos3^  <2) 

6.  («■  Z  co^n>r<f>  (i) 

•  r-o 

The  values  of  am  and  bpr  differ  for  each  node; 
they  are  listed  fh  Table  1  and  Table  2,  respectively. 
Units  are  10'“  M/N. 


-25.557 

32.622 

-13.177 


2.1263 

-2.7042 


1.0297 


-0.4576 


21.8756 

21.6335 


3.4438 


2.2568 


-0.9930 


5.4115 

-9.7486 

7.9220 


-3.5330 


Properties  of  Kf  (T) 

Once  the  coefficients  a^,  and  bnr  have  been 
determined,  the  simple  form  of  (1)  permits  the 
rapid  computation  of  various  parameters  of  Interest. 
Examples  are  given  In  Figures  8,  9,  and  10. 

Figure  8  shows  the  maximum  and  minimum  values 
of  Kf  for  the  c  mode  as  function  of/.  In  Figure 
9  are  plotted  the  f  values  at  which  these  extrema 
are  attained.  An  altitude  chart  of  Kf  Is  shown 
in  Fig.  10,  again  for  the  c  mode,  as  functions 
of  <f>  and  /  angles.  (Cf.  Fig.  8  in  Reference 
2).  Units  are  10' 15  ms/N. 


Table  1  -  Values  of 


for  modes  a,  b,  and  c 


Figure  8.  Values  of  the  cnaode  Kf (f)  ext 
versus  /  . 
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Figure  9.  Psl  angles  of  the  c-mode  Kf(d)  extrema 
versus  #  . 


Insertion  of  (1)  Into  (3)  gives 

<*,<*)>«  A.  (4)  .  W 

The  coefficient  A*  (#)  for  the  c  mode  Is  plotted  ver¬ 
sus  4  in  Fig.  1};  where  It  equals  zero  defines 
the  SC  cut.  Also  plotted  are  Ai  and  A*.  Figure 
^  graphs  the  coefficients  A3,  |i,  and  |<  versus 
f  for  the  c  mode.  Units  are  M/p. 


Figure  11.  Electrode  film  stress  considered 
as  equivalent  to  a  superposition 
of  e  tge  forces. 


Figure  10.  Altitude  chart  of  Kf(#,f)  •  constant, 
for  the  c  mode. 
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Figure  12.  Coefficients  AW#),  and  A2(#) 

for  the  c  mode  versus  #  .  AW#)  ■  0 
defines  the  SC  cut. 


Film-Stress 


The  equivalence  between  a  superposition 
of  edge  forces  and  film  stress  Is  Indicated  schemati¬ 
cally  In  Fig.  11.  The  superposition  Is  expressed 
In  terms  of  the  film-stress  coefficient 
<Kf  (#)>;  It  Is  determined  as  the  azimuth-  averaged 
value  of  the  edge-stress  coefficient  Kf  (#  ,# ) 
as  follows: 


m 
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Figure  13.  Coefficients  A3(^),  Bi(^),  and  B2M 
for  the  c  mode  versus  4>  . 


Table  3  lists  the  computed  values  of  A0(d) 
for  all  three  modes  at  six  specific  ^  values. 

Units  are  iff*5  ms/N.  The  nominal  SC  angle  of 
i  •  22.4°  produces  a  computed  c-mode  A0  value 
of  0.13* 10" 15  rather  than  zero;  this  Is  due  to 
a  number  of  factors:  uncertainty  In  the  Input 
material  values;  accuracy  limitations  In  the 
variational  procedure  used  to  obtain  the  Input 
Kf  (P ,<f)  data;  residuals  In  the  least-squares 
due  to  the  simple  fitting  function  chosen; 
the  disparity  between  the  flat  plate  geometry 
for  which  the  calculations  of  were  carried 

out,  and  the  finite,  contoured  resonators  used 
to  define  the  SC  cut  by  means  of  Its  thermal -transient 
behavior. 

From  the  coefficients  In  Tables  1  and  2,  the 
zero  of  A^p)  occurs  at 

4>  at  22.7°; 

at  this  value,  the  slope  Is 

3  A  o/9^l  *  -0.65  *  *  lo  ws/v,  V 

I  sc 


Table  3  -  <  Kf(P)  >  for  modes  a,  b,  and  c. 


■ote  • 

■Mmb 

note  c 

0 

1.7*7 

3. 1300 

10.4557 

10 

1.00*4 

1.0441 

7.4700 

u 

2.0035 

2.0301 

4.705* 

l*.i 

2.0377 

3.1507 

2.3044 

Relative  sensitivities  of  film-stress  coefficients 
are  plotted  In  Fig.  14  for  the  a,  b,  and  c  modes, 
versus  #  ,  compared  to  the  AT-cut  c-mode  value. 

The  ordinate  scate  Is  logarithmic.  From  this 
graph  the  sensitivity  of  the  c-mode  to  changes 
In  p  angle  about  the  SC  value  may  be  determined. 

It  Is  also  seen  that  the  b-  and  a-mode  values 
are  somewhat  less  than  that  of  the  c-mode  AT 
cut,  and  are  nearly  Invariant  with  p  • 


Figure  14.  Absolute  value  of  the  film  stress 
coefficient  <ICf(P)>,  normalized 
to  that  of  the  AT  cut,  as  function 
of  4>  .  for  modes  a,  b,  and  c. 


Conclusion 

e  Results  of  complex  calculations  determining 
the  stress- frequency  effect  from  fundamental 
material  constants  have  been  put  Into  simple 
engineering  terms. 

e  The  edge-stress-frequency  coefficient  ICf(p,  if ) 
and  the  f Unstress-frequency  coefficient  <Kf(P)> 
are  available  as  sleple  analytic  expressions 
for  cuts  on  the  upper  zero  temperature  coefficient 
of  frequency  locus,  for  the  a,  b,  and  c  thickness 
modes  of  plates. 
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Abstract 


I  Linear  field  equations  for  snail  vibrations  super¬ 
posed  on  thermally  induced  deformations  by  steady  and 
uniform  temperature  changes  are  derived  from  the  non¬ 
linear  field  equations  of  the rmoelaeti city  in  Lagrangian 
formulation. 


From  the  solutions  of  these  equations  for  the  thick¬ 
ness-vibrations,  the  temperature  derivatives  of  elastic 
stiffnesses  are  related  analytically  to  the  known  or 
measured  properties  such  as  the  second  and  third  order 
elastic  stiffnesses,  thermal  expansion  coefficients, 
and  temwrature  coefficients  of  frequency  of  quartz 
plates  .T — • 


Six  values  of  the  first  temperature  derivative  C 


(1) 

pq 


and  six  values  of  the  effective  second  temperature 
'(2) 

derivative  C _  are  calculated  from  the  temperature 


pq 

coefficients  of  frequency  measured  by  Bechmann,  Balia  to 
and  Lukaszek  for  various  doubly-rotated  quartz  plates. 


these  values  are  in  substantially  better  agreement  with 
experimental  data.8 

In  the  present  paper,  nonlinear  field  equations  of 
thermoelasticity  in  Lagrangian  formulation  are  employed 
at  the  final  and  initial  states,  respectively.  By 
taking  the  differences  of  the  corresponding  field 
equations  in  the  final  and  initial  states,  a  set  of 
linear  field  equations  for  small  vibrations  superposed 
on  the  thermally  induced  deformations  owing  to  steady 
and  uniform  temperature  changes  in  crystal  are  obtained. 


Solutions  of  these  equations  for  the  thickness- 
vibrations  are  obtained  by  a  purturbation  method,  from 


which  the  first  temperature  derivatives  C 


(1) 


effective  second  temperature  derivatives 


pq 


and  the 
£(2>  are 

pq 


related  by  analytical  expressions  to  the  first  and 
second  order  temperature  coefficients  of  frequency, 
second  and  third  order  elastic  stiffnesses,  and  the 
thermal  expansion  coefficients  of  quartz. 


The  presently  calculated  values  are  compared  with  the 
first  temperature  derivatives  obtained  by  Sinha  and 
Tienrtsn.  In  the  incremental  stress-strain-temperature 
relations,  certain  expressions  involving  the  elastic 
stiffnesses,  temperature  derivatives  and  thermal  expan¬ 
sion  coefficients  can  be  identified  as  having  similar 
significance  as  the  temperature  coefficients  of 

defined  by  Bechmann.  Values  of  these  expressions  are 
calculated  and  compared  with  the  existing  values.  The 
loci  of  the  zeros  of  the  first  and  second  order  tempera¬ 
ture  coefficients  of  frequency  for  thickness  shear  (B 
and  C)  modes  and  the  frequency-temperature  characteris¬ 
tics  of  the  LC-cut  are  studied  and  compared  with  exper¬ 
imental  values. 


Introduction 

The  dependence  of  resonance  frequencies  of  thickness- 
vibrations  in  doubly-rotated  quartz  plates  on  the  steady 
and  uniform  temperature  changes  was  studied  in  a  com¬ 
prehensive  paper  by  Bechmann ,  Balia to  and  Lukaszek 
(1962,1963)  in  which  the  linear  elastic  stress-strain 
relations  were  employed.1'2  Their  values  of  the  tem¬ 
perature  coefficients  of  the  second-order  elastic  stiff¬ 
nesses  have  since  been  applied  to  predict  frequency 
shifts  owing  to  temperature  changes  in  various  crystal 
vibrators  of  finite  extent. 

In  1966,  a  complete  set  of  values  of  the  third-order 
elastic  stiffnesses  C  of  quartz  was  published  by 

Thurston,  McSkimin  and  Andrea tch. J  The  presence  of  the 

nonlinear  terms  associated  with  C _  in  the  stress- 

pqr 

strain  relations  was  found  to  be  essential  in  the 
studies  of  the  force  and  acceleration  senstivities  of 
crystal  plates.4#  Holland  realised  there  is  a  need  to 
extend  the  work  by  Bechmann,  at  al,  for  the  design  of 
resonators  subject  simultaneously  to  thermal  and  stress 
biases.4  By  a  nonlinearly  based  formalin  and  referring 
the  position  of  material  points  to  a  fixed  reference 
frame,  Sinha  and  Tiersten  calculated  the  first  tempera¬ 
ture  derivatives  of  the  second -order  elastic  stiffnesses 
of  quarts,  and  have  shown  that  predictions  of  tempera¬ 
ture  coefficient  of  velocity  of  surface  waves  based  on 
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By  employing  the  above  mentioned  relations  and  the 
least  squares  regression  analysis,  six  values  of 

C(1>  and  Bix  values  of  C*2*  are  obtained.  In  per- 

pq  pq 

forming  calculations,  we  have  used  the  values  of  the 
first  and  second  order  frequency  coefficients  for 
thickness  vibrations  of  quarts  plates  by  Bechmann, 

Balia to  S  Lukaszek  (1963), 2  the  values  of  thermal 
expansion  coefficients  and  second  order  elastic  stiff¬ 
nesses  by  Bechmann,  Balia to  a  Lukaszek  (1962), 1  and  the 
values  of  the  third  order  elastic  stiffnesses  by 
Thurston,  McSkimin  a  Andrea tch. 3 

These  presently  calculated  values  are  cospared  witv 
the  first  order  temperature  derivatives  obtained  by 
Sinha  and  Tiersten.'  By  regrouping  the  terms  in  the 
incremental  stress-strain-temperature  relations,  certain 
expressions  in  terms  of  the  elastic  stiffnesses,  temper¬ 
ature  derivatives  and  thermal  expansion  coefficients 
can  be  identified  as  having  similar  significance  as  the 
temperature  coefficients  of  C  defined  by  Bechmann . 

pq 

Therefore  values  of  these  expressions  are  calculated 
and  are  listed  with  the  values  of  the  temperature  coef¬ 
ficients  of  C  obtained  by  Bechmann,  Balia to  and 

1  I*4  9  10 

Lukaszek, 4  Adams,  Enslow,  Kusters  and  Hard,  and  Kahanr 

The  loci  of  the  zeros  of  the  first  and  second  order 
frequency  coefficients  for  thickness  shear  (B  c  C>  modes 
as  a  function  of  4  and  8,  and  the  frequency-tempera¬ 
ture  characteristics  of  the  LC-cut  are  predicted  and 
compared  with  experimental  data. 

Equations  of  Motion  for  Small  Vibrations 
Superposed  on  Thermally  Induced  Deformations 

The  process  of  superposing  small  vibrations  on  ther¬ 
mally  induced  deformations  in  a  crystal  may  described 
by  the  three  consecutive  states  the  crystal  goes  through 
as  follows  t 

1.  Natural  State i  At  first,  the  crystal  it  said  to  be 
at  a  natural  state  when  it  is  at  rest,  free  of  stress 
and  strain,  and  has  a  uniform  tempera  tore  TQ.  Referred 

to  a  coaason  rectangular  Cartesian  frame  of  reference  as 
shown  in  Pig.  1,  xi  (i  -  1,2,3)  denotes  the  position 


of  a  generic  material  point,  pQ  the  mss  danaity, 

Cijkl'  Ci jklmn'  Cijklmnpq  «*•  third-' 

and  fourth-ordar  elastic  atiffnaaaea  of  the  cryatal. 

2.  Initial  State i  The  cryatal  ia  now  subject  to  a 
steady  end  uni  fora  temperature  increaae  froa  TQ  to  T, 

and  allowed  to  expand  freely,  at  this  atate ,  the  poai- 
tion  of  a  Material  point  ia  moved,  due  to  thermal 
expansion,  froa  to  y^. 

The  nonlinear  governing  equations  of  theraoelasticity 
in  Langrangian  formulation  are  given  as  follows: 


When  values  of  the  linear  theraal  expansion  coef¬ 
ficient 


9  .  „<1>.A  *  JU.*3 

°ij  “ij  ‘0  +  “ij  *® 


Bsured  instead  of  those  of 


definition  and  syMMtry 


i<ui.i +  "i.y 


9  .  9 
°ij  °ji 


and  by  the  second  equation  of  (1) 
Eij  ■  °ij ♦  Ki“kj  • 


(5) 

we  have  by  its 


E .  .  »  -(0.  ,  +  0.  .  +  U.  ,U.  .) 

ij  2  j,i  i,j  “k,i  k,] 


Tij  "  '"ijkl^l +fCijkl«mEklEmn +iCijklsmpqEklEmnEpq  Aij 


<Tij  +  V'i.k'.J  -  p0°i  • 

pi  •  nj(Tij +  Vi.k»  on  s 


There  ia  no  difficulty  in  using  (7) .  However,  the 
quadratic  terms,  estimated  froa  Bechmann' s  values3  of 
and  a|2*  for  quartz,  are  of  the  order  of  10~3 

smaller  than  the  first  tern  in  (7)  .and  hence  are 
neglected.  Therefore  for  initial  fields,  we  have 


where  ,  E^,  T^,  and  denote  initial  displace¬ 

ment,  Lagranglan  Strain  Tensor,  Kirchhoff-Piola  stress 
tensor  (of  second  kind) ,  and  surface  traction  all 
referred  to  the  natural  state.  Also,  n^  are  the  com¬ 
ponents  of  the  unit  outward  normal  to  the  bounding 
surface  S  of  the  crystal  and  0  is  the  temperature 
increase  from  T„ 


In  the  third  of  (1),  the  s tress- strain- temperature  re¬ 
lations,  material  properties  are  assumed  to  be  tempera¬ 
ture  dependent,  i.e., 

Ce  -  C  +  CU>  -0  ♦  V2)  -o2  , 

i jkl  ci  jkl  Ci jkl  u  +  *='•**-’  u 


2  i  jkl 


Ce  -  C  ♦  CUI  -0 

^ijklmn  ^ijklmn  l'ijklmn 


c  *  c 

ijklmnpq  ijklmnpq 

l9  i <i) *  ,(2)  -2 

Aij  ’  *ij  0  +  *ij  0 


°j,i  "  Ui,j  "  Eij  “  “ij 
Tij-°  ' 


since  the  plate  is  at  rest  and  allowed  free  expansion. 

з.  Final  State:  when  small -amplitude  vibrations  are 
superposed  on  thermally  induced  deformations,  the  plate 
is  said  to  be  at  the  final  state.  The  position  of  the 
material  point  is  moved  from  y^  to  z^ .  He  let 

и.  •  Z  -  y  be  the  incremental  displacement  due  to  the 
vibrations.  Then  the  total  displacement  from  the 
natural  state  to  the  final  state  is,  as  shown  in  Fig.  1, 

5i  ’  °i  +  ui  “  *i  -  *i  W 

Similarly,  we  let 

E,  .  “  K,  .  +  e .  .  , 


where  1, ,  is  the  stress  coefficient  of  temperature  and 


,<1)  _  ljkl 


P, 

where  E 


m 

ij 

Eij  +  eij 

m 

T.  . 

♦  t  . 

ij 

ij 

ij 

m 

i) 

pi ♦  pi 

:ij' 

V  and 

and  are  the  total  strain,  stress 


and  traction,  and  e^,  t^  and  p^  the  incremental 
strain,  stress  and  traction,  respectively. 
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The  governing  equations  of  the  total  fields  should 
necessarily  be  the  same  as  (1)  for  initial  fields. 
Therefore  we  have 


'ijklmn 


^1  jklmn 

5? 


are  temperature  derivatives  of  the  eiaatic  stiffnesses 
evaluated  at  temperature  tq  in  the  natural  state,  it 

is  the  values  of  these  derivatives  that  we  intend  to 
oompute  from  the  solutions  of  the  thickness-vibrations 
and  existing  experimental  data. 


Eij  ■  i^j.i  ♦  «i.j  ♦  vA.j» 


*ij  ’  Cljkl*kl  +  2CijklmnEklEsn*6CijklmnpqEklEmnEpq‘Aij 
(*ij  *  *jk5i,k>,J  *  p05i  ' 

fi  "  0,1  *  •  <U» 

in  (11) ,  we  have  assuawd  that  the  temperatare  of  the 
crystal  rsamlns  at  T,  or  the  temperature  variation 
caused  by  the  lnrrsamntal  vibrations  is  asgligible. 


Subtraction  of  (1)  fro*  (11),  respectively,  give*  the 
governing  equations  for  incremental  fields  i 

“ij  “  T(Uj,i  *  ui,j  4  °k,j"k,i  *  “k.iV j*  ' 

fcij  “  (Cijkl  4  CijklmnEmn  4  2°i  jklmnpqEmnEpq]  Si  * 


(tij  4  tjk°i,k  +  TjkUi,k^ ,  j  "  P0Ui 


Mt.-i  +  t..U 


j'  ij  jk  i,k  jk  i,k 


+  T..u.  .  )  on  S. 


(12) 


In  (12) ,  the  terns  containing  the  products  of  incre¬ 
mental  fields  have  been  disregarded,  since  incremental 
de formations  are  assumed  to  be  small.  Me  note  (12)  are 
very  similar  to  Eqs.  (16) -(18)  of  Reference  4  except 
the  constitutive  equations. 

Further  substitution  of  the  material  property- 
temperature  relations  (3)  and  (5)  and  the  thermally 
induced  initial  fields  (8)  into  (12)  gives  the  incre¬ 
mental  stress-strain-temperature  relations 


‘ij 


c,,_.  +  d;",*0  +  D;;:,*o2|e, 


J i> 

'ijkl  T  ijkl 


(2) 

ijkl  ~  J“kl 


p«  "  ajGijklUk,l  °"  8 


The  displacement  equations  of  motion 

Gijkl“k,jl  ”  Vi 

and  the  traction  boundary  conditions 
pi 

where 

D(1>  .c{1>  +c  a(1> 

“ijkl  Ci jkl  ^i jklmnmn 


(2)  11(2)  (2) 
“ijkl  2°! jkl  Cijklmnamn 

'(2)  .  -(2)  2  (1)  (X)  +  c 

Cijkl  Ci  jkl  Cijklmn  mn  C 
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(15) 
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Gijkl  "  Ci jkl  4  Gijkl’0  4  Gijkl‘G 
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Gi jkl  Csjkl“is  Ci jsl°ks 


4  Ci jklmn°mn*  4  Cijkl 


We  see  from  (16)  that  has  the 


as  Cijw.  but 


aM  -  a.M 
Gijkl  ®klij  - 


derivatives  of  elastic  stiffnesses  in  (3) ,  only  c. 


^ijki  *»*“  eapXioitly  in  end  0^J)U 


,»<**>  _ .  -(n) 

end,  in  turn,  in  the  field  equations  (13) -(15) , 


Ijkl 


Gi  jkl  ia  <5,fino<5  in  th®  third  equation  of  (16)  and  is 
called  the  effective  second  temperature  derivative  of 
Cijkl" 

He  see  therefore  in  problems  of  samll  vibrations 
superposed  on  hoswgeneous  thermal  strains,  only 


,U> 

‘"ijkl 


and 


C<2> 

Gijkl 


are  needed  to  describe  the  teaperature 


dependence  of  elastic  stiffnesses  up  to  the  second  power 


of  0i  C 


(2) 


rU> 

'ijkl*  ci  jklmn  ''ijklmnpq 

separately  and  hence  cannot  be  determined  separately 
either. 

Thickness-Vibrations 

Let  X^  (i  ■  1,2,3)  be  the  crystallographical  axes 

of  quartz,  h  doubly-rotated  quart*  plate  is  defined  by 
(y,x,(i>,£)t,6  in  the  conventional  ISSE  notion.11  Let 
2b  be  the  thickness  and  n  (or  n^)  the  unit  outward 

normal  to  the  faces  of  the  plate  in  the  natural  state. 
Referred  to  X^  coordinates,  the  components  of  the 

normal  in  terms  of  rotation  angles  4  and  0  are 
n^  -  -cos0  *in$,  n2  »  cos0  cos$,  n^  -  sin0  .  (18) 

For  traction-free  face  conditions,  (15)  becomes 

Pi  ■  njGijkiVi  “  0  Bt  njxj  ■  t 2b  •  (19) 

The  solution  for  harmonic,  antisynmetric  thickness- 
vibrations 

.  >  r  „  i“t 

“k  “  \  ,int  np*P 

satisfies  (14)  and  (19)  provided 
(Cik  -  X6ik>\  ■  0  ' 


do  not  appear 


(20) 


r  II H  .  _  _ 

5  “  2b  '  "  _  1'3'5'  *  ' 


(21) 


where 


g(2)  -  c  ♦  C  a<2)  ♦  C  ol(2> 
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(22) 
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In  the  eigenvalue  problem  (21),  •  Gijklnjnl  *na 

G,  .. . ,  defined  in  (16),  depends  on  the  unknown  tempera- 
ijki  —  ( 2i 

ture  derivatives  C.'  and  C.  ....  In  order  to  obtain 
ijkl  13x1  ...  -(j) 

analytical  solutions  fro*  which  Cijki  *uvJ  Cijki 

can  be  calculated  fro*  other  known  or  measured  properties 
the  Rayleigh-Schrodinger  perturbation  smthod  is 
employed.  We  let  the  amplitude  and  eigenvalue  be 

*k  “  *k0>  4  *kl>*®  4  *k2)*®2 


In  (13) -(IS)  terms  containing  0J  or  higher  powers 
are  dropped.  We  note  that  among  the  unknown  temperature 

(1) 


X-X<°>  ♦  iU)*e  +  i(2,*e2 

where  0  -  T  -  T.  is  assumed  to  be  small. 


(23) 


By  inserting  (23)  into  (21)  and  equating  coefficients 
of  like  powers  of  0,  ws  obtain 
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into  the  resulting  expressions!  we  obtain 
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By  substituting  (34)  into  (29)  and  (31)  and  rearrang¬ 
ing  so  as  to  have  the  unknown  temperature  derivatives 
on  the  left  hand  side,  we  have 


og'-'SiVi  • 

«£'  -  <&  "a  • 

From  the  zero-order  equation  (24) ,  we  can  solve  for 


X(0>  and  A?' 
requiring 


<°\0) 


uniquely  by  normalization,  i.e., 
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Multiplication  of  (25)  by  A;  and  utilization  of 
(24)  and  (28)  leads  to 


2  C  ...a.*1’  +  C. 
sjkl  is  i 
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Solutions  of  Aj|X' 


from  (25)  exist,  since  the  second 


term  (Q?  -  6ik**X*>*)[0*  is  orthogonal  to  the  eigen¬ 


value  of  (Q*°*  -  6ikX*0* ),  and  A^1' 


can  be  deter¬ 


mined  uniquely  by  requiring  A^1*  orthogonal  to  A^°* , 
i.e.,  *■ 

■  0  ■ 

Similarly,  multiplication  of  (26)  by  A^0* ,  and 
employment  of  (28)  and  (30)  results  to 


x(2)  m  .(0)  (2)  (0)  (0)  (1)  (1 
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Temperature  Derivatives  of  Elastic 
Stiffnesses  of  Quartz 


Equations  (35)  and  (36)  can  be  applied  to  calculations 
of  temperature  derivatives  for  crystals  of  any  syanetry. 

For  a  quartz,  a  trigonal  crystal,  and  C*2^ 

each  has  six  independent  components  referring  to  the 
crystallographic  axes.  By  expanding14  the  left  side 
of  (35)  and  (36)  and  adopting  the  abbreviated  notions, 
these  two  equations  can  be  rewritten  as 

_U>  .  „(1)  .  _(1)  _  (1) 

66  Cl  C22  ~2  44  ?3  C14  ?4 


+  C13  Cs  +  C33  C6  ‘  i 


Normally,  we  compute  the  first-  and  second-order 
eigenvalues  due  to  temperature  changes  from  (29)  and 
(31).  However  in  the  present  work,  we  want  to  compute 

Cijkl  *nd  Ci jkl  £ro“  th8*®  equations  by  regarding 

A*1*  and  X<2>  as  known  quantities. 

Substitution  of  u  »  2wf  into  the  second  equation 
of  (22)  gives 


~(2)  X  X  0<2>  x  ^<2> 
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*  * 

where  y|X*  and  y^2*  are  the  right  hand  side  expres¬ 
sions  of  (35)  and  (36),  respectively,  and 


(x(0>  +  xa,*e  ♦  x<2,*e2) 


2  2  2  2 

and  f Q  -  n  X0/4pQb  .  By  taking  the  first  and  second 

derivatives  of  (32)  with  respect  to  temperature  T  and 
substituting  Beclaann’s  definition  of  temperature 
coefficient  of  frequency 
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the  first- 


+  *<U>2  2  *  »<0,2n2 

A3  nl  +  A3  n2 
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(37) 


From  (18)  and  (24),  and  Ajj°*  are  obtained. 
Then  are  calculated  according  to  (37)  .  in  com¬ 
puting  and  y^2*'  we  have  used  the  measured 


values  of  temperature  coefficients  of  frequency  Tf 
for  various  doubly  rotated  cuts  by  Bechmann,  Ballato 
and  Lukaszek,2  thermal  expansion  coefficients 

afn^ ,  second-order  elastic  stiffnesses  C. ,  (or 
i)  13*1 

C  )  of  Bechmann,  Ballato  and  Lukaszek,1  and  the 

pq 

third-order  elastic  stiffnesses  C.  ,  (or  C  ) 

I3klmn  pqr 

of  Thurston,  McSkimin,  and  Andreatch.2 


(n) 


Based  on  our  values  of  C*1*  and  C*2*, 

pq  pq 

and  second  tessera ture  coefficient!  of  frequency  are 
predicted  and  compared  with  the  117  observed  values1- 

in  Table  VI.  The  loci  of  Tf^  and  Tf^2*  for  C  mode 

and  B  mode  (f_  >  f  )  are  also  computed  and  shown  in 
B  C 

Figs.  2  and  3,  respectively.  It  may  be  seen  from 
Table  VI  and  Figs.  2  and  3  that  results  of  our  present 
prediction  are  either  comparable  or  slightly  better 
than  those  predicted  in  Ref.  1. 

Finally,  the  frequency-temperature  characteristics 
for  LC  cut  of  quartz  vibrating  in  A,  B,  and  C  modes 

(f  >  f  >  f  I  are  studied.  Fig.  4  shows  that  our 
ABC 

predicted  curves  agree  well  with  measured  values.16 
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We  determine  the  six  values  of  in  (35)  1  by 

Pfc 

employing  the  method  of  least  squares13  according  to 
the  following  algorithm: 
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1.  Obtain  the  least  squares  estimate  of  C  ^  and 

pq 

their  standard  errors  from  a  given  data  set. 

2.  Construct  a  99.9%  confidence  interval. 

3.  Reject  data  points  outside  the  interval. 

4.  obtain  a  subset  of  data. 

5.  Go  back  to  Step  1. 
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Abstract 


— TSbln  the  AT-  and  SC-cuts  of  quartz  the  change  in 
resonant  frequency  with  temperature  of  a  particular 
pure  thickness  mode  (the  C-aode)  is  essentially  negli¬ 
gible  in  the  absence  of  the  electrodes,  and  the  cut  is 
said  to  be  thermally  compensated  for  that  mode.  Conse¬ 
quently,  certain  other  effects,  in  particular  the 
presence  of  the  thin  electrode  films  and  the  transverse 
trapping  of  energy,  foich  is  always  present  on  account 
of  the  finite  dimensions  of  the  electrodes,  have  an 
important  influence  on  the  transient  temperature  depend¬ 
ence  of  the  resonant  frequencies  of  thermally  compen¬ 
sated  cuts.  In  this  work  the  time-dependent  frequency 
shifts  due  to  rapid  changes  in  the  thermal  environment 
at  the  surface  of  the  crystal  are  calculated  from  the 
solution  of  the  time-dependent  heat  conduction  equation 
through  the  resulting  thermally  induced  deformation 
state,  the  temperature  derivatives  of  the  fundamental 
elastic  constants  of  quartz,  the  temperature  dependence 
of  the  motional  capacitive  effect  for  the  cuts  consid¬ 
ered  and  the  now  known  trapped  energy  mode  shapes  with 
the  aid  of  the  equation  for  the  perturbation  in  eigen- 
frequency  of  a  piezoelectric  solution  due  to  a  bias.^__ 
Both  the  AT-  and  SC-cuts  are  treated  and  the  results  ' 
are  compared.  The  influence  of  electrode  size  is  auto¬ 
matically  Included  in  the  calculation. 


1.  Introduction 


A  perturbation  analysis  of  the  linear  electro- 
elastic  equations  for  small  fields  superposed  on  a  bias 
has  been  performed1 .  The  change  in  resonant  frequency 
due  to  any  bias  such  as,  e.g.,  a  residual  stress  may 
readily  be  obtained  from  the  resulting  equation  for  the 
perturbation  of  the  elgenfrequency  if  the  bias  is  known. 
In  addition,  a  system  of  approximate  plate  equations 
for  the  determination  of  thermal  stresses  in  thin 
piezoelectric  plates  coated  with  large  much  thinner 
films  was  derived3  from  Mindlin's  plate  equations3"® 
and  subsequently  modified  somewhat.  The  resulting 
approximate  equations®  simplify  the  treatment  of  many 
thermal  stress  problems  considerably,  and  the  three- 
dimensional  detail  not  Included  in  the  approximate 
description  is  not  deemed  to  be  Important  for  our 
purposes . 

When  a  quartz  resonator  it  subject  to  a  change  in 
the  ambient  temperature,  it  undergoes  a  time -dependent, 
Inhomogeneous  temperature  distribution  which  causes  the 
resonant  frequency  to  drift  in  time7’*  until  the  new 
thermal  equilibrium  state  is  readied.  In  recent  work9 
on  the  Influence  of  thermal  transients  on  the  resonant 
frequencies  of  purs  thickness  vibrations  of  quarts 
plates  it  was  shown  that  for  rapid  temperature  Inputs 
in  thermally  eompenaated  cuts  tie  calculated  frequency 
shifts  beyond  the  final  equilibria  resonant  frequency 
were  caused  by  the  thermally  Induced  biasing  daformatlon 
state  resulting  from  the  presence  of  the  thin  electrode 
films.  It  was  also  shown  that  In  a  thermally  uncompen¬ 
sated  cut  the  Influence  of  the  electrode  films  it  small 
and  the  frequency  changes  noootonically  from  one  equi¬ 
libria  resonant  frequency  to  the  other.  Rtus,  la 
thermally  compensated  cuts  the  influence  of  small 
effects  such  as  the  presence  of  very  thin  electrodes  is 
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significant  because  the  change  in  frequency  of  pure 
thickness  vibrations  vanishes  in  the  ebsence  of  the 
electrodes  for  the  thermally  compensated  mode.  Conse¬ 
quently,  the  presence  of  the  thin  electrode  films  and 
the  transverse  trapping  of  energy,  which  is  always 
present  on  account  of  the  finite  diman* ions  of  the 
electrodes,  have  an  important  influence  on  the  transi¬ 
ent  temperature  dependence  of  the  resonant  frequencies 
of  thermally  eompenaated  cuts. 

In  this  work  the  time -dependent,  inhomogeneous 
temperature  distribution  in  the  quartz  plate  is  obtained 
from  the  uncoupled  heat  conduction  equation  for  thick¬ 
ness  dependence  only,  subject  to  the  appropriate  initial 
and  boundary  conditions.  Since  the  heat  conduction  is 
sufficiently  slow  compared  to  the  speed  of  elastic 
waves,  the  mechanical  inertia  terms  can  be  neglected  in 
the  stress  equations  of  motion,  thereby  reducing  them 
to  the  quasi-static  stress  equations  of  equlllbrluai. 
Accordingly,  the  time-dependent  thermally  induced  bias¬ 
ing  deformation  state  is  determined  from  the  exact 
equations  of  static  linear  thermoelastldty  for  zero 
thickness  electrodes  and  from  the  aforaamntloned  system 
of  approximate  static  thermoelastic  plate  equations* 
for  finite  thickness  electrodes.  Here,  however,  the 
approximate  equations  are  extended  to  the  case  of 
Inhomogeneous  temperature  distributions  following 
earlier  work9. 

In  the  case  of  both  zero  and  finite  thickness 
electrodes  the  substitution  of  the  quasi-static  thermo¬ 
elastic  three-dimensional  displacement  field  into  the 
above-mentioned  equation  for  the  perturbation  of  the 
elgenfrequency  along  with  the  solutions  for  both  Al¬ 
and  SC-cut  quartz  trapped  energy  resonators10'  *  and  the 
first  temperature  derivatives  of  the  fundamental  elastic 
constant*  of  quartz13  enables  the  calculatlonof  the  tem¬ 
perature  dependence  of  the  resonant  frequencies  of  AT- 
and  SC-cut  quartz  trapped  energy  resonators  due  to  the 
t ime -dependent  thermally  Induced  biasing  defonsatlon. 

The  very  Important  Influence  of  the  temperature  depend¬ 
ence1  3-1  8  of  the  motional  capacitive  effect  of  the  elec¬ 
trodes  on  the  resonant  frequency  of  thickness  vibra¬ 
tions  of  the  electroded  portion  of  the  plate,  which  is 
a  result  of  the  temperature  dependence  of  the  pertinent 
piezoelectric  and  dielectric  constants  for  the  thick¬ 
ness  mode  of  interest  in  both  the  AT-  end  SC-cut  quarts 
plates*  ,lsis  Included  in  the  treatment. 

Calculations  are  performed  for  both  AT-  and  SC-cut 
quarts  trapped  energy  resonator*  with  rectangular  gold 
electrodes  for  the  fundamental  and  acme  harmonic  over¬ 
tones.  For  both  cuts  the  calculations  reveal  that  the 
magnitude  of  the  transient  frequency  shift  beyond  the 
final  equilibria  resonant  frequency  increases  a*  the 
orientation  of  the  quarts  plat*  more  closely  approaches 
the  exact  (nominal)  zero  tamperature  cut  for  the  partic¬ 
ular  transverse  node  shape  of  the  trapped  energy  reson¬ 
ator.  Also,  the  more  rapid  the  rate  of  change  of  the 
surface  tamperature  the  larger  foe  transient  frequency 
shift.  This  is  in  conformity  with  experimental  observ¬ 
ation’  ’* .  A  realistic  8 -shaped  input  teaperatwr*  was 
asstnwd  in  all  case*. 
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.  Parturition  Equation* 

The  equation  for  the  perturbation  In  eigen- 
frequency1  mentioned  In  the  Introduction  My  be  written 
in  the  fora 


A  *  H  /2u)  ,  u)  *  a)  -A  , 

H  M-  n  ^  p. 

(2.1) 

where  <%  and  oi  are  the  unperturbed  and  perturbed  eigen- 
frequencies,  respectively,  and 

(2.2) 

and  V  Is  the  undeformed  volume  of  the  piezoelectric 
plate  at  the  reference  temperature  Tq.  In  (2.2)  gy 
and  f*  denote  the  normalized  mechanical  displacement 
vector  and  electric  potential,  respectively,  of  the 

Uth  elgensolutlon,  and  are  defined  by 

(2.3) 

where  ilj  and  qt*  are  the  mechanical  displacement 
electric  potential,  respectively,  which  satisfy 
equations  of  linear  piezoelectricity 

and 

the 

*LY  “  $LYM*U», M  +  eML>^,  M  ’ 

\  "  WY,M  *  eU?,H  ’ 

(2.  A) 

^y,l'pV  ^,l-°> 

(2.5) 

subject  to  the  appropriate  boundary  conditions.  The 
quantities  §LYna,  e*tY  and  ®lh  denote  the  second-order 
elastic,  piezoelectric  and  dielectric  constants, 
respectively,  and  p  denotes  the  aaas  density. 

Equations  (2.  It)  are  the  linear  piezoelectric  constitu¬ 
tive  relations  and  (2.5)  are  the  stress  equations  of 
notion  and  charge  equation  of  electrostatics,  respect¬ 
ively.  The  upper  cycle  notation  for  many  dynamic 
variables  and  the  capital  Latin  and  lower  case  Greek 
Index  notation  Is  being  employed  for  consistent  with 
Ref.l  as  Is  the  remainder  of  the  notation  In  this  sec¬ 
tion.  The  variables  and  In  (2.2)  denote  the 
portion  of  the  Plola-Klrchhoff  stress  tensor  and  refer¬ 
ence  electric  displacement  vector,  respectively,  result¬ 
ing  from  the  biasing  state  and  a  change  In  the  funda¬ 
mental  material  constants  In  the  presence  of  the  ^ 
and  ,  and  are  given  by 

(*LY»to+45LYMar)^,M+ (*MLy+ ' 

<Sj«Y+A*LMY)tC,M"  (*LM  +  8*LI1^M  »  (2’6) 

where  **iy>  aa*  *i«  *r*  effective  constants  that 

depend  on  the  biasing  state1  and  d^Yaa>  A*teY  and  d«LB 
denote  small  changes  In  the  fundamental  elastic,  piezo¬ 
electric  and  dielectric  constants,  respectively,  due  to 
a  change  in  temperature. 

Mian  nonlinear It tea  due  to  biasing  deformation 
only  are  Included,  we  have 

*lll"  bUCDECD  *  *«o«LM  - 
*LMY  “  *  jfUfrBcSc  +  *LWWY,K  * 


cLY*to  “  \h»YO+  §LYMoAIEAB  +  &.Y w’or.r 


Sums' 


V.K 


(2.7) 


where  for  a  thermoelastic  biasing  state  and  relatively 
small  changes  in  temperature  T  from  the  reference 
temperature  Tq 

\m- *  VLM(T  ‘  V  ’ 

4)  •  2  (-K,H  +  WN,E)'  (2-8) 

fiYsa«>»  btsco  Knytt  denote  the  third-order 
elastic  constants,  the  electrostrlctlve  constants  and 
the  first-order  electroelastic  constants,  respectively, 
e0  denotes  the  permeability  of  free-space,  v,  denotes 
the  static  biasing  displacement  field,  and  denotes 
the  thermoelastic  coupling  coefficients.  Thus,  In  this 
description  the  present  position  £  Is  related  to  the 
reference  position  X  by 


^.O-X  +  w^+^t)  .  (2.9) 


3.  Temperature  Induced  Biasing  State 

A  schematic  diagram  of  the  electroded  crystal 
plate  is  shown  In  Flg.l  along  with  the  associated 
coordinate  system.  The  only  difference  between  this 
section  and  the  analysis  presented  In  Ref. 2  and  modi¬ 
fied  somewhat  In  Ref. 6  Is  that  here  we  have  a  tlaw- 
dependent  inhomogeneous  (In  Xg)  temperature  change  sym¬ 
metric  about  the  centerline  of  the  plate,  which  we 
represent  In  the  form 

T-To-  (T-To)tl-  f(X2,t)]  ,  (3.1) 


where  the  temperature  T  changes  relatively  little  from 
the  homogeneous  reference  temperature  Tq  and  T  repre¬ 
sents  the  final  temperature  of  both  surfaces  of  the 
electroded  quartz  plate,  and  In  the  previous  references 
the  temperature  change  Is  time -Independent  and  homo¬ 
geneous.  Furthermore,  as  noted  in  the  Introduction  the 
mechanical  inertia  resulting  from  the  time -dependence 
of  the  temperature  field  can  be  ignored  so  that  the 
quasi-static  stress  equations  of  equilibria  can  be 
employed.  In  view  of  the  foregoing  we  simply  present 
the  appropriate  results  from  Refs. 2  and  6  while  incor¬ 
porating  the  changes  resulting  from  the  inhomo geneous 
temperature  field.  Accordingly,  it  has  been  shown3 
that  referred  to  the  coordinate  system  shown  In  Flg.l 
the  static  (here  quasl-statlc)  purely  extenslonal 
thermoelastic  plate  equations  for  the  plated  crystal 
plate  may  be  written  In  the  form 


(3.2) 


where  A,  B.  C,  D  take  the  values  1  and  3  and  skip  2  and 
and  1  are  the  zero  and  second  order  plate  stress 
resultants,  respectively,  for  the  electroded  crystal 
plats.  For  syzmetrlc  inhomogeneous  temperature  states 
and  Identical  electrodes  on  the  upper  and  lower  sur¬ 
faces,  by  following  the  procedure  In  Secs. Ill  and  IV  of 
Ref. 2  we  find  that  the  extenslonal  constitutive  equa¬ 
tions  may  be  written  In  the  form 


a:  Y'  y  2> 

h  ’ABCDTCD 
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**2)  -  2  h^v  +  Ski  v'  V°>  + 2 JL 

*AB  3  “  VABCD  +  h  YABCD®CD  +  5  “  \YA 

V'  V2)  1  h3/V2>  4.  v*'Vf  T  ^  n  3% 

YABCI)”cD  3  "  v AB  +  h  AB/(T’V’  (3,3) 


lOh 

h 


where  T  la  Che  final  electrode  temperature, 

4°)-9R(1‘^<0)/2h>'  42)“eR(1‘3<*?(2)/2h3)'  (3,4> 


and 


“  VR  "  CRWCWVVV  »  YRS  "  CRS  '  CRWCHVCVS  ’ 


Thla  solution  ia  unique  to  within  homogeneous  plate 
rotations17  of  sero  and  aecond  order.  Substituting  fro* 
(3.3)  into  (3.12),  we  obtain 

-(C  *  ¥*')<*- v> 


(• 


YRS  +  h 


<in> 


VR  “  VR *  v2c2R/c22 »  <3‘5) 

h  h 

/0)  -  J  f(*2,t)dx2,  /2>  -  J  X2f(X2,t)dX2, 

-h  -h 

V*'»  v*'(1-  f(h,t)J  ,  (3.6) 

and  we  have  introduced  the  compressed  notation16  for 
tensor  indices  according  to  the  scheme 


R,S- 1,3,5;  W,V- 2,4,6.  (3.7) 

The  Yu,  are  Voigts'  anisotropic  plate  elastic  constants, 
the  On  are  the  associated  plate  thermoelastic  constants 
and  the  pjj* 5  are  the  effective  anisotropic  plate 
thermoelastic  constants.  For  the  case  of  anisotropic 
extension  considered  here  the  three-dimensional 
strains  E>1,  which  are  needed  in  the  perturbation  equa¬ 
tion,  are  related  to  the  plate  strains  by3  ,e 


^  “  2  (WK,L 


(3.8) 


The  plate  strains  (n»  0,2),  which  occur  in  (3.3), 
are  given  by 


E(n)  .  -  7w(n)  +  w_(n)> 
EAB  "  2  (WA,B  +  "By 


(3.9) 


Equations  (3.13)  constitute  six  Inhomogeneous  linear 
equations  which  may  readily  be  solved  for  the  six  plate 
stralna  E^0>  and  E^35.  When  e£0>  and  EJa)  have  been 
determined  from  (3.13),  e£0)  and  l£3)  are  readily 
determined  from  (3.10).  Then  the  three-dimensional 
biasing  strain  can  be  obtained  from  (3.8),  which  is  for 
anisotropic  extension.  There  is  no  flexure  because  the 
resonator  has  identical  electrodes  which  are  subject  to 
the  same  instantaneous  temperature  change. 

It  is  clear  from  (2.7)  that  the  biasing  three- 
dimensional  strain  field  which  has  just  been  deter¬ 
mined  is  Inadequate  for  the  calculation  of  the  change 
in  frequency  because  the  three-dimensional  displacement 
gradients  w,_ t  are  needed.  It  has  been  shown  in 
Secs. Ill  and  IV  of  Ref. 6  that  the  three-dimensional 
small  rotation  field 


Ck-i(*L,  X*\,L>  (3-14) 

may  be  obtained  by  requiring  that  the  three-dimensional 
rotation  gradient-strain  gradient  relations 


(3*l5) 

be  satisfied.  In  this  way  since  the  change  in  fre¬ 
quency  due  to  homogeneous  rigid  rotations  vanishes18  it 
has  been  shown6  that 


and  the  resmlnlng  plate  strains,  which  are  needed  in 
(3.8)  as  well,  may  be  obtained  from 


w  -  E(0) 
A,B  EAB 


+  xV2) 

+  X2EAB  > 


»  -  E(0) 

2, A  E2A 


c>- 


-1  _(0)  -1  / 15  „(0) 

*  CWVCVSES  +  CWVVV\„3  9 


8h 

on 


cwvcvses2)  +  cw'v(1 


8h 


15  — 

+  V  )(T  -  T  )  ,  (3.10) 

8h  '  ° 


which  have  also  bean  used  in  obtaining  Eqs.(3.3). 

In  Flg.l,  the  Xg-coordinata  axis  is  normal  to  the 
major  surfaces  of  the  plate  at  T  ■  Tq .  Since  the  out¬ 
side  edges  of  the  plate  are  traction  frae,  we  have 

„/J>  •  0  on  outside  edges,  (3.11) 

where  H,  denotes  the  outwardly  directed  unit  normal  to 
the  edge  of  the  plate  at  T>Tq.  The  solution  satisfy¬ 
ing  (3.2)  and  (3.11)  takas  the  form 


A,  2  2A 


E(0)  *  2X2E(2)  w  -E(0>4.X2E(2>  n  163 

E2A  +  “?2A  »  *2.9  E99  +X9E99  •  (3.16) 


2,2  “22 


2  22 


Thus,  once  the  plate  stralna  E^J 5  and  E^|}  have  been 
found  from  (3.13),  the  biasing  displacement  gradients 
wj,(  L  may  be  obtained  as  known  linear  functions  of  the 
change  in  surface  temperature  (T-T^).  Thus,  we  now 
obtain  Ciyog  in  (2.7)3  as  a  known  linear  function  of 
(T-T0)  for  the  electr oded  region  of  the  plate. 

In  the  unelectroded  region  of  the  plate  the  situa¬ 
tion  is  somewhat  simpler  and  since,  as  noted  in  the 
Introduction,  the  mechanical  inertia  can  be  neglected 
in  the  stress  equations  of  notion,  we  have  the  quasi- 
static  stress  equations  of  equilibrium 

TML,M  “  °»  <3*l7> 

along  with  the  constitutive  equations  ',2.4)1.  aince 
the  outside  edges  of  foe  plate  are  traction  free  along 
with  the  major  surfaces,  we  have 

Vi,"0.  (3.W) 


210 


whsrs  H„  denotes  the  unit  normal  to  all  surfaces  of  the 
plate  at  T-le.  Fro*  (3.17)  and  (3.18)  we  have 


*22"k22/C.'  C,,- (2n+t)n/Jh, 


T^-0,  (3.19) 

for  the  unelectroded  plate.  Since  the  thernoelaatic 
coupling  conatante  v*L  are  related  to  the  coefficienta 
of  linear  expanalon  aJK  by  the  uaual  relation 

^*CMLJKa,JK'  <3’20) 

from  (2.8)! ,  (3.19),  (3.20),  and  (3.1)  we  have 

<3-21> 

In  the  unelectroded  region  of  the  plate  the  tlme- 
dependent  inhomogeneous  atraln  atate  la  given  by  (3.21) 
and  we  note  that  when  the  quasi-static  stress  equations 
of  equilibrium,  (3.17),  are  aatiafled  trivially,  aa  la 
the  case  here,  the  vanishing  of  the  stresses,  (3.19), 
results  In  tine-dependent  Inhomogeneous  strains  I$L  and 
consistent  rotations  C$L,  \diich  are  determined  from 
(3.15).  Since  all  variables  are  functions  of  the  Xg- 
coordinate  only  and  It  has  been  shown?8  that  the  change 
In  frequency  due  to  a  homogeneous  Infinitesimal  rigid 
rotation  vanishes,  from  (3.15)  we  obtain 

^3-°’  ^1-E21>  ^3*E«-  <3‘22> 

From  (3.8),  (3.14)  and  (3.22),  we  obtain 

WA, B *  EAB'  wA, 2 "  ^24’  W2,A*°'  W2,2”E12’  (3‘23) 

which  with  (3.21)  yields  the  displacement  gradients  w„ ,  t 
as  known  linear  functions  of  the  change  In  surface 
temperature  of  the  unelectroded  portion  of  the  plate. 
The  substitution  of  (3.23)  with  (3.212  in  (2.7)s  yields 
CiY„a  as  a  known  linear  function  of  (T  -  To)  for  the 
unelectroded  plate. 


and  we  note  that  the  value  of  0  determines  the  sharp¬ 
ness  of  the  temperature  rise  at  the  surfaces.  In  view 
of  (3.1)  and  (3.6)  it  is  clear  that  (6.4)  enables  the 
calculation0  of  /a>  and  v?'  in  the  electroded 

region  of  the  plate.  In  the  unelectroded  region  of 
the  plate,  Eqs.(4.4),  with  (3.1)  can  readily  be  used 
in  (3.21)  and  (3.23)  to  obtain  the  displacement  grad¬ 
ients  Wi,,  L  as  known  functions  of  Xg  and  t  and  the 
given  surface  temperature  data. 

5.  Elgemodes  in  Tranced  Energy  Resonators 

A  plan  view  of  one  quadrant  of  the  trapped  energy 
resonator  is  shown  in  Fig.  2.  It  has  been  showi?0  that 
the  solution  functions  for  the  trapped  energy  eigen- 
modes  can  be  written  in  the  form 


Oj  »  B  sin  -gp  cos  JX^  cos  vXj  , 

s  C  nrtC  -sV.-Jt) 

U1  "  B  sln  -ft-  *  co“  *3  » 


T  T  s 

Uj  -  B  sin  -gp  cos  e 


-v  (X  -b) 

nr  «  J 


ot«2  -?S(X1-J f)  -vT(x3-b) 


4.  Temperature 


pendence 


The  temperature  behavior  of  the  plate  shown  in 
Flg.l  Is  obtained  by  satisfying  the  uncoupled  one- 
dimensional  heat  conduction  equation 


subject  to  appropriate  initial  and  boundary  conditions 
at  X^»±h.  In  (4.1)  k,3  is  the  thermal  conductivity 
in  the  Xg -direction  and  C,  is  the  specific  heat.  If 
the  surfaces  are  subject  to  an  S-shaped  rlae  in  temper¬ 
ature  (T-T0),  the  initial  and  boundary  conditions  are 

T-To«0  att-0,  ♦  (4.2) 

T-T  -  (T-T  )C1- (l  +  0t)e'9tl  it  (4.3) 

The  solution  to  (4.1)  subject  to  conditions  (4.2)  and 
(4.3)  can  be  written  in  the  fon?9 


C  _C  ,  “  “*2 

ui*B  8in“ire 


BS»Bcos5f,  BT  -  B  cos  \3>  ,  BC  -  B  cos  tJL  cos  7b,  (5.2) 

and  ?  and  9  are  determined  from  the  roots  of  the  trans¬ 
cendental  equations10’11  ,2° 

—  —  A-  — /V  -.1/2 

?tan?f-^  -  5Z)  ,  Stanvb-^  -  SZ)  .  (5.3) 

n  n 

^  The  decay  maabers  ^  and  v3'  are  given  by 
S  /^n  T  An 

•  >5-‘> 

n  n 

and  for  SC -cut  quartz  the  coefficients  M„,  P,  and  Y„ 
are  given  by11 

2c16 

Mn“cll  +  _(1)  +  r2(c12  +  c66) 
c 


4(r2E(2>  +  c12)(r2c(1>-c66) 


c58  +  r3(c36  +  c45) 
4(r3C<3^c4S)(r/1)-c,6) 
nnC<3>K. 


cot  «2  —  > 


cot  H- 


T-T  -(T-T  )fl-(l+0t)e'et 

O  O  L 

?  -■‘■■"■7 Vj (f 


...  2  2  r4k‘  _ 

8  p-  W  *  0  • 
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where 


(5.11) 


I 


Cm 


/e(l) 


I2£_ 


26  *(1>e 


,  R  - 


22 


2oV 

Oh 

8k? 


2R) 


(5.7) 


u3  ’  fir  **  “•  -s2  +  **  “•  “V2] 

.  y(vv 


sin  vX 


3' 


C8-  (-1)  2 


2£(r,*<2>+c 


(-D 


c(2)  KjOtt  sin  Kjnn/2 

(r3e(3)-t-cA5)?2hBS 
c( 3^  x3nn sin  Kjttn/2 


(5.12) 


In  (5.5)  -  (5.7)  the  mterial  constants  are  referred  to 
the  Crane formed  coordinates30  associated  with  the 
eigenvector  triad  for  waves  in  the  thickness  (Xg)- 
dlrection  as  discussed  In  Sec. 2  of  Ref. 23  and  the  c* ’  * 
are  the  eigenvalues  for  the  three  waves.  The  resonant 
frequency  for  the  trapped  energy  mode  in  (5.1)  Is 
given  by30 


with  similar  expressions30  for  u£  and  u£ .  As  noted 
earlier  In  this  section  this  solution  Is  referred  to 
the  eigenvector  triad  of  the  pure  thickness  solution 
for  the  SC-cut11 .  For  purposes  of  calculation  of  die 
temperature  dependence  of  the  resonant  frequency  It  Is 
advisable30  to  transform  back  to  the  original  conven¬ 
tional  coordinate  axes  for  the  SC-cut,  thus 


0) 


(5.8) 


Since  the  AT -cut  can  be  considered  to  be  a  special  case 
of  the  doubly-rotated  SC-cut,  the  foregoing  trapped 
energy  elgensolutlon  for  the  SC-cut  can  be  used30  for 
the  simpler  AT-cut.  We  now  have  the  ^-displacement 
field  for  the  trapped  energy  mode  in  either 
orientation. 


As  noted  in  Ref.  15  in  addition  to  the  Uj  (uj  )  dis¬ 
placement  field  there  are  accompanying  u, (ug)  and 
£0,)  displacement  fields,  and  to  the  same  order  In 
5(5)  there  are  accompanying  corrections  to  the  u,!!^) 
displacement  fields,  which  are  given  bj^1 


nrflt. 


5i  “  K1  +  Zffi  S^)81"  “a 2  co*  94  cos  W3 , 


Ed) 

rrj2h  _  - 

2h 


V[‘^Bco8~,^+Cco8 


,-r,S2h 


nnX 


K2nT®2 

2h 

K.nnX 


sin  5X1  cos  , 


“5T  Bco.-ar+Ecos  -^s-jco. 


(5.9) 


where 


C-  (-1) 


E-  (-1) 


^  (r2e(2)^c12)?2k5 

Z^ Hjon s In  Hjorr/ 2 
(r3c(3)^.c45)^2hS 
Hjtrn  s  In  HjWt/  2 


(5.10) 


and 

S 

"l 


fjS8® 


w*. 


S  """2  S  H2nT* 

—— —  B  cos  ■-*  +  C  cos  — 
ntt  zn 


-5s  04-03) 


nrtX 


COS 


Vb’  (5*13) 

where  q,  denotes  the  components  of  the  mechanical  dis¬ 
placement  in  the  original  coordinate  system  for  die 
SC-cut  and  Qqg  denotes  the  transformation  from  that 
system  to  the  eigenvector  triad11 .  For  the  AT-cut 
this  is  not  necessary. 

6.  Temperature  Dependence  of  Resonant  Frequency 

The  change  In  the  resonant  frequency  with  teaqiera- 
ture  of  any  electxoded  contoured  SC -cut  quarts  plate 
resulting  from  the  thermally  induced  biasing  may  now  be 
determined  from  (2.1)  aiwl  (2.2)  with  (2.6)  and  (2.7). 
However,  Eq.(2.2)  cannot'  be  used  for  calculation  as  It 
appears  because  the  tesqierature  derivatives  of  the 
complete  piesoelectric  and  dielectric  tensors  ate  not 
presently  known,  nor  are  all  the  fundamental  coeffi¬ 
cients  appearing  In  (2.7)  known.  Nevertheless,  as  In 
earlier  work?,  since  the  piesoelectric  coupling  and 
wavenumbers  along  the  plate  are  both  small,  the  temper¬ 
ature  dependence  of  only  the  transformed11 ,3°  thickness 
piezoelectric  and  dielectric  constants  and  css  need 
be  retained  In  Dp.  Moreover,  since  (l/eaa)deae/dT  » 
(l/e2s)dca3/dl,  we  Ignore  (l/«82)dSa3/dT.  Furthermore 
(l/eae)de2g/dT  can  and  should  be  excluded  from  wave 
terms  In  Hp  because  the  existing  tesqierature  derivatives 
of  the  fundamental  elastic  constants  of  quartz  effect¬ 
ively  contain  the  small  Influence  of  the  tesqierature 
dependence  of  the  piesoelectric  and  dielectric  con¬ 
stants,  which  results  from  the  piezoelectric  stiffening 
of  the  waves.  In  addition,  we  Ignore  the  eHtY  since 
they  are  not  known.  Then  the  (l/e^  )de8a  /dT  that  we 
retain  Is  not  fundamental  but  effective*  ,  In  view  of 
the  foregoing,  the  general  electroelastic  perturbation 
Integral  in  (2.2)  with  (2.6)  and  (2.7)  may  be  written 
in  the  reduced  forwf 


where 


V 


J  [(£LVMo+  afl'W'£,M*Y, 

^  ^  .W  fL^l 

•ll  •*  *,.f  ‘  J 


l 

d?. 


A  ■  (T  -  T  )d/dT  . 
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(6.1) 
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In  (6.1)  tha  firat  tan  under  the  Integral  ilgc  ia  de¬ 
composed  In  the  original  conventional  coordinate  ay a tea 
for  the  SC-cut  because  the  cltMa  and  &^YHa  ere  known  in 
that  coordinate  system,  while  the  second  ten  Is  decom¬ 
posed  along  the  eigenvector  triad!11  of  the  pure  thlckneas 
solution90.  From  (6.1)  for  the  geometry  shown  In  Fig.  2, 
we  obtain 


V-^U  *l(J  <*+C>«3  +  J  ^  “3) 


0  b° 


|dX1(J^dX3+|^dX3)], 


(6.3) 


where 


9“  <SLYM» 

,  »l(h) 


C»  -  2 


*22  *  26  81,2  h 


(6.4) 


The  clY w  in  (6.4)  are  known  as  space  and  time  depend¬ 
ent  linear  expressions  In  (T  -  Tp)  from  the  analyses  in 
Secs. 3  and  4  and  the  space  and  time  dependent  change  in 
the  elastic  constants  with  temperature  &ciyp,a  are  given 
by  9 


V*’  <dfiW<Ir)(T*Io)’  (6*5) 


where  the  dclY>la/dT  are  obtained  from  the  first  temper¬ 
ature  derlvltives  of  the  fundamental  elastic  constants 
of  quartz19  dcrf8H/dT  referred  to  Che  principal  axes 
by  the  tensor  transformation  relation 


d  d  — 

<rr  fiYfto  "  “ioVVog  <rr  |defg  * 


(6.6) 


where  the  aY(  are  the  matrix  of  direction  cosines  for 
the  transformation  from  the  principal  axes  to  the 
coordinate  system  containing  the  axes  referred  to  the 
electroded  plate.  When  the  conventional  IEEE  notation31 
for  doubly-rotated  plates  is  written  in  Che  form  (T,X, 
w,  t)  q>,  8,  where  6*0,  the  rotation  angles  tp  and  8  are 
the  firat  two  Euler  angles,  from  ldilch  the  aY[  can  be 
determined.  Clearly,  the  transformation  relations  for 
tha  second  and  third  order  elastic,  piezoelectric  and 
dielectric  constants,  and  coefficients  of  linear  expan¬ 
sion  may  be  written  in  the  respective  forms 

5lOJ«  “  *KD*I,E*MFaHC2DEFG  » 

§KLHiAB_  *KD*m*MFaNGaAHaBI§DEFCHI  ’ 


*1XM“  9RD*LEaMF®I>EF » 

*«x  *  *kk*ui ’  WnfuTw  (6’7) 

where  the  tensor  quantities  with  the  upper  cycle  are 
referred  to  the  principal  axes  of  the  crystal. 

Tha  temperature  dependence  of  the  effective 
piezoelectric  constants  for  the  thickness  mode  of 
Interest  In  both  the  AT  and  SC  cuts  of  quarts  hove  been 
estimate^’18  from  data  provided  by  tukassek  and  ate 
given  by 

(l/a^da^/dl  -  1.56x10'Vk,  AT, 

-4.8x10*4/oK,  SC.  (6.8) 


Calculations  have  been  performed  using  the  known 
values  of  the  second  order  elastic,  piezoelectric  and 
dielectric  constants  of  quartz99,  the  third  order 
elastic99  and  thermoelastic9*  constants  of  quarts  and 
the  recently  obtained  first  temperature  derivatives  of 
the  fundamental  elastic  constants  of  quartz13  along 
with  the  estimates  in  (6.8).  The  results  of  the  calcu¬ 
lations  are  presented  in  Figs. 3-10,  each  of  Which  shows 
the  relative  change  In  frequency  with  time  for  a  temper¬ 
ature  Input  value  of  6  of  10  sec*1  except  for  Fig.  10 
which  la  for  8  "1/100  sec'1.  All  calculations  were  for 
a  trapped  energy  resonator  1.7  am  thick  with  square 
gold  electrodes  2000  A  thick  (although  sometimes  of 
zero  thickness)  and  an  If h  ratio  of  20.  Figure  3  shows 
the  calculated  change  In  frequency  with  temperature  of 
an  AT-cut  (nominal  angle  8  »-  35.25°)  compensated  to 
only  1  PPM  for  the  first,  third  and  fifth  harmonic 
trapped  energy  modes.  The  figure  shows  that  the  change 
In  frequency  Is  considerably  smaller  for  the  harmonics 
than  the  fundamental,  which  exhibits  a  slight  initial 
transient  shift  In  the  opposite  direction  before  begin¬ 
ning  Its  monotonlc  change  to  the  final  equilibrium 
value.  The  behavior  of  the  harmonics  Is  monotonlc 
throughout.  Figure  4  Is  for  an  SC-cut  which  Is  also 
compensated  to  only  l  PPM.  The  figure  shows  that  the 
harmonica  exhibit  a  slight  Initial  transient  shift  in 
the  opposite  direction  while  the  fundamental  changes 
monotonically.  Figure  5  shows  a  comparison  of  the 
behavior  of  the  fundamental  trapped  energy  mode  for 
both  the  AT  and  SC  cuts  shown  In  Figs. 3  and  4,  respect¬ 
ively.  The  figure  shows  that  the  changes  in  frequency 
to  the  new  equilibrium  values  are  opposite  in  sign  and 
not  that  different  In  magnitude  and  that  the  AT-cut 
exhibits  more  severe  transient  behavior.  Figure  6  shows 
the  change  In  frequency  with  temperature  of  an  AT  cut 
compensated  to  10  PPT  (parts  per  trillion)  for  the 
fundaswntal  trapped  energy  mode.  The  figure  shows 
rather  severe  transient  shifts  in  frequency  In  each 
direction  for  both  the  2000  1  thick  gold  electrodes, 
for  which  the  compensation  was  achieved  and  electrodes 
of  zero  thickness.  Note  that  the  transient  frequency 
excursions  are  larger  for  the  more  compensated  case. 
Figure  7  is  for  an  SC-cut  idiieh  Is  also  compensated  to 
10  PFT.  The  figure  shows  rather  severe  transient 
shifts  in  frequency  as  In  the  esse  of  the  AT  cut,  but 
now  In  only  one  direction,  for  both  electrode  thicknesses 
considered.  Note  that  again  the  transient  frequency 
excursion  is  larger  for  the  sure  compensated  case. 

Figure  8  shows  the  change  in  frequency  due  to  the 
presence  of  2000  A  thick  gold  electrodes98  for  which  the 
actual  changes  for  the  AT  cut  are  shown  In  Fig. 3.  Note 
that  tha  change  In  frequency  due  to  the  films  la  about 
two  and  three  orders  of  magnitude  smaller  than  the 
actual  change  shown  In  Fig. 3  and  that  for  the  AT  cut 
the  changes  due  to  the  electrode  films  are  monotonlc. 
Since  a  portion  of  the  aging  rate  Is  a  result  of  the 
relaxation  of  residual  stress  In  the  electrodes,  the 
long  time  asymptotic  limit  of  the  change  in  frequency 
shown  in  Flg.8  ia  tha  portion  of  the  actual  change  In 
frequency  that  contributes  to  die  aging  rate.  Figure  9 
•hows  the  change  In  frequency  due  to  the  presence  of 
2000  A  thick  gold  electrodes  for  which  the  actual 
changes  for  tha  SC-cut  are  shown  In  Flg.4.  Note  that 
the  change  in  frequency  due  to  the  films  la  about  five 
and  six  orders  of  nagnltuda  sualler  than  the  actual 
change  shown  In  Flg.4  and  that  for  tbs  SC  cut  they  are 
not  monotonlc.  Since  the  long  time  asymptotic  limit  la 
associated  with  tbs  aging  rate,  Figs. 8  and  9  Indicate 
that  the  aging  due  to  electrode  stress  should  he  between 
two  end  three  orders  of  magnitude  smeller  for  the  SC  cut 
then  for  the  AT  cut.  Figure  10  shoes  the  acteal  change 
In  frequency  with  temperature  of  the  AT  sad  SC  cuts, 
both  of  uhleh  are  oosperms  ted  to  10  FIT,  for  a  rela¬ 
tively  slow  rata  of  change  of  surface  temperature  cor¬ 
responding  to  8”  1/100  aac'1 .  Tha  figure  •  horns  that 
the  transient  frequency  excursions  are  about  two  orders 
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of  aagnltude  saaller  than  In  tha  case  of  the  rapid 
temperature  Input  corresponding  to  0  •  10  sac-1 ,  which 
are  shown  In  Figs .6  and  7.  Figure  10  also  shows  that 
the  transient  frequency  shifts  for  the  AT  and  SC  cute 
are  of  the  saw a  order  of  magnitude,  although  the  shift 
for  the  AX  cut  is  about  twice  as  large  as  for  the  SC 
cut.  Hie  results  of  the  calculations  presented  here 
clearly  Indicate  that  the  change  in  frequency  of  the 
trapped  energy  nodes  due  to  electrode  stress  la  no re 
than  two  orders  of  aagnltude  saaller  in  the  SC  than  in 
the  AT  cut  and  that  the  transient  frequency  excursions 
are  of  the  sane  order  of  aagnltude  in  both  cuts. 
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Figure  6  Actual  Time -Dependent  Frequency  Shift  per 
°K  for  AT -Cut  Quarts  Trapped  Energy 
Resonator  Compensated  to  10  PPT 


Figure  7  Actual  Time-Dependent  Frequency  Shift  per 
°R  for  SC-Cut  Quartz  Trapped  Energy 
Resonator  Compensated  to  10  PPT 


Figure  8  Time-Dependent  Frequency  Shift  per  °K  due 
to  2000  A  Thick  Cold  Electrodes  for  AT- 
Cut  Quarts  Trapped  Energy  Resonator 
Compensated  to  1  PPM 
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Cross-section  of  Che  Trapped  Energy 
Resonator 
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Figure  2  Plan  View  Showing  One  Quadrant  of  the 
Trapped  Energy  Resonator 
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Actual  Time-Dependent  Frequency  Shift  per 
°K  for  AT-Cut  Quartz  Trapped  Energy  Reson 
ator  Compensated  to  1  PPM.  Quartz  plates 
are  1.7  m  thick  with  square  gold  elec¬ 
trodes  either  2000  A  thick  or  of  zero  thick¬ 
ness  and  3A  na  on  a  side  for  each  figure. 
Figures  3-9  are  for  a  rapid  temperature 
Input  to  the  surface. 
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Actual  Time-Dependent  Frequency  Shift  per 
°K  for  SC-Cut  Quarts  Trapped  Energy 
Resonator  Compensated  to  1  PPM 
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Summary 

Frequency  and  phase  noise  in  quartz  cry¬ 
stal  resonators  are  studied  as  a  function  of  the 
driving  power.  At  low  power,  where  the  crystal 
behaves  linearly,  1/f  fluctuations  of  the  reson¬ 
ance  freuqency  are  observed.  At  medium  power  the 
nonlinearities  of  the  crystal  significantly 
increase  the  phase  fluctuations  at  low  Fourier 
frequencies.  At  high  power,  thermal  instabil¬ 
ities  and  chaotic  behavior  occur  characterized 
by  the  generation  of  high  level  white  noise.  ^ — - 

Introduction 

The  short  and  medium  term  frequency  stabil¬ 
ities  of  quartz  crystal  oscillators  are  limited 
by  additive  and  parametric  noises  of  the  elec¬ 
tronics  and  by  parametric  noise  of  the  quartz 
resonator.*  In  an  oscillator  it  is  not  always 
possible  to  distinguish  between  these  different 
contributions  and  thereby  determine  the  level  of 
frequency  fluctuations  of  the  resonator.  A 
significant  advar  .i  In  solving  this  problem  came 
with  the  Introduction  of  a  new  technique  to  test 

quartz  crystals  Independently  of  the  oscillator 
2 

electronics.  This  enabled  measurements  of 

flicker  and  random  walk  frequency  noises  of 

various  pairs  of  crystals  at  different  frequen- 

2  3 

cl  as  and  of  different  origins.  ’  A  second 
advance  on  the  same  problem  caste  with  the  Intro¬ 


duction  of  the  concept  of  a  dual  crystal  system. 
In  which  a  quartz  oscillator  with  good  spectral 
purity  Is  phase  locked  to  a  passive  quartz 

a 

resonator.  In  this  approach,  the  frequency 
stability  in  medium  and  long  term  Is  dominated 
by  the  passive  quartz  resonator  and  hence  its 
stability  becomes  observable.  Such  measurement 
systems  can  be  used  for  comparing  quartz  crystal 
instabilities  and  for  trying  to  understand  the 
origins  and  the  mechanisms  of  these  frequency 
fluctuations. 

2  3 

The  previous  measurements  ’  have  shown 
that  the  resonance  frequency  of  quartz  resona¬ 
tors  exhibits  flicker  (1/f)  fluctuations  and 
2 

random  walk  (1/f  )  fluctuations.  Random  walk 
frequency  noise  has  been  shown  to  be  correlated 
to  temperature  fluctuations.*’*  The  mechanisms 
contributing  to  the  generation  of  1/f  noise  are 
not  well  understood  yet. 

g 

When  the  resonator  Is  excited  at  a  moder¬ 
ately  high  drive  level  a  large  increase  of  the 
noise  level  Is  observed  at  low  Fourier  frequen¬ 
cies.  It  will  be  shown  that  this  excess  noise 
Is  due  to  the  nonl Inearl ties  of  the  crystal.  At 
very  high  drive  levels,  the  resonator  con  exhibit 
chaotic  behavior  producing  high  level  white 
noise. 
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Heasureme nts  at  Low  Power 


The  measurement  system,  presented  for  the 
first  time  In  ref.  2,  will  be  briefly  described. 
As  schematically  shown  In  Fig.  X,  two  Identical 
resonators  (or  two  that  adjusted  to  be  nearly 
Identical)  are  driven  at  their  resonance  frequen¬ 
cy  by  a  frequency  source  with  high  spectral 
purity.  When  the  two  resonators  are  at  the  saae 
frequency  (frequencies  are  tuned  with  adjustable 
capacitors)  and  with  equal  Q-factors  (Q-factors 
are  balanced  with  additional  resistors),  the 
frequency  fluctuations  of  the  source  are  rejected 
by  50  to  60  dB.  The  double  balanced  mixer  (DBM) 
operated  at  Its  quadrature  point  by  means  of  the 
90°  phase  shifter  detects  the  phase  fluctuations 
dp  Induced  by  the  frequency  fluctuations  of  each 
resonator,  following  the  relation 


-2Q.C^“1— — “D 


(1) 


where  Q  Is  the  resonator  loaded  Q- factor  and 
cbi^(du>2)  Is  the  Instantaneous  frequency  differ¬ 
ence  of  the  resonance  frequency  of  resonator  X 
(2)  from  the  driving  frequency  <uQ.  Equation  (1) 
Is  valid  for  Fourier  frequencies  within  the 
resonator's  bandwidth  and  for  low  drive  powers 
(typically  10  pW  were  used).  Outside  this 
bandwidth  It  must  be  corrected  to  take  Into 
account  the  filtering  effect  of  the  resonators. 
The  mixer  output  Is  amplified  and  processed  by  a 
spectrum  analyzer,  yielding  the  power  spectral 
density  Sy(f)  of  the  output  voltage  noise.  This 
Is  related  to  the  frequency  spectrum  of  the 

resonator  S  (f), 
yo 

Sy(f)  *  (Gp)2$Q(f)  *  (2GpQ)2  $y0(f),  (2) 

where  p  Is  the  mixer  sensitivity,  and  G  Is  the 
low  noise  amplifier  gain.  The  corresponding 
resonance  frequency  fluctuations  of  the  resona¬ 
tors  are  deduced  from  relation  (1)  (again  for 
Fourier  frequencies  within  the  resonator's 
bamkridth).  Each  resonator  contributes  to  the 
total  noise,  which  Is  measured.  If  the  two 
resonators  are  Identical  the  noise  amplitude  of 
each  of  them  Is  obtained  by  dividing  by  J2. 


Great  care  must  be  taken  to  minimize  the 
spurious  Influence  of  temperature  changes.  The 
measurements  reported  below  were  obtained  using 
a  digitally  controlled  oven.  Temperature  was 
measured  with  a  LC-cut  quartz  sensor.  The 
temperature  control  loop  had  a  10  *  X  resolu¬ 
tion.  Additional  thermal  filtering,  with  copper 
mass  and  thermal  discontinuities,  reduced  the 
residual  temperature  fluctuations  of  the  cry¬ 
stals  under  test  down  to  a  few  pK  over  a  few 
sec.  The  two  resonators  were  In  the  same  oven 
and  thermally  coupled  In  order  to  reduce  random 
frequency  walk  noise.  This  does  not  perturb  1/f 

noise  measurements,  because  1/f  noise  Is  not 

3  5 

correlated  with  temperature  fluctuations.  ' 
Over  a  day,  temperature  stability  was  of  the 

-t 

order  of  5x10  K.  The  resonators  generally 
were  operated  at  their  turn-over  temperature. 
This  measurement  system  was  used  to  test  5  MHz, 
10  MHz,  and  2.5  MHz  resonators. 

1)  5  MHz  resonators.  Six  AT-cut  crystals 

(fifth  overtone)  were  studied.  Two  were  commer¬ 
cial  BVA7  resonators  and  four  were  standard 
commercial  high  quality  resonators.  A  typical 
spectrum  (pair  of  BVA  crystals)  Is  shown  In  Fig. 
2.  The  noise  Is  essentially  1/f  frequency 
noise.  The  1/f3  noise  Is  due  to  the  filtering 
effect  of  the  resonator;  this  occurs  at  Its  half 
bandwidth.  For  three  pairs  of  resonators  the 
frequency  noise,  S  (f),  measured  1  Hz  from  the 
carrier  was  equal  to°2.5xl0  13A/Hz,  2.5x10*13/VHz 
and  3. 1013/VHz.  The  raw  data  were  divided  by 
■J2  under  the  assumption  that  the  noise  of  each 
resonator  In  a  given  pair  was  Identical.  Ob¬ 
viously  by  doing  all  possible  pairs  one  can 
obtain  a  more  accurate  value  for  each  resonator 
independent  of  this  assumption.  All  these 
resonators  had  unloaded  Q-factors  In  the  range 
2 . 5x10®  <  Q0  <  2.7x10®. 

2)  10  MHz  resonators.  Two  kinds  were  measured: 

AT-cut  and  BT-cut  crystals.  Both  were  third 

overtone  resonators,  but  with  very  different 

Q-factors,  typically  3.10®  for  AT-cut  and  1.7 

10®  for  BT-cut.  BT-cut  crystals  have  much 

higher  Q-factors  because  this  crystallographic 

orientation  hat  lower  Internal  losses  for  the 
a 

thickness- shear  mode.  Noise  spectra  are  shown 
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in  Fig.  2.  A  large  difference  in  the  noise 
levels  can  be  observed  between  the  AT  and  BT 
cuts.  At  X  Hz  fro*  the  carrier  these  levels  are 
of  the  order  of  7x10  for  the  BT  resonators 

to  3.2xlO_11/VHz  for  the  AT  resonators.  These 
results  show  a  strong  dependence  between  the  1/f 
noise  level  and  Q-factor. 

3)  2.5  MHz  resonators.  Two  pairs  of  fifth  over¬ 
tone,  AT-cut  resonators  were  tested  with  un¬ 
loaded  Q- factors  close  to  4xl06.  Although  these 
pairs  had  alaost  the  sane  Q-factors,  the  noise 

levels  differed  by  almost  one  order  of  magni- 

2 

tude.  The  presence  of  1/f  noise  in  the  spectra 
of  S  (f)  indicates  that  the  sensitivity  to 

y  Q 

temperature  fluctuations  are  very  large  for  this 
type  of  resonator.  The  1/f  noise  power  1  Hz 
from  the  carrier,  evaluated  for  each  individual 
crystal,  was  plotted  as  a  function  of  the  un¬ 
loaded  Q-factors  in  Fig.  3.  A  linear  regression 
among  these  experimental  points  gives 

S  (1  Hz)  s-|  (3) 

yo  q* 

These  results  are  also  summarized  in  Table  I. 


g 

can  be  developed. 

The  nonlinear  behavior  of  a  resonator, 
driven  in  transmission  can  be  represented  by  the 
phenomenological  relation, 

d21  ui  di  ,  , 

♦  _2  _  ♦  -  2c(0)  cos  nt]  1(1  +  kl*) 

dv  Q  dt  0 

=  F  cos  wt,  (4) 

where  i  i s  the  current  through  the  crystal ,  Q 
the  loaded  Q-factor,  and  F  the  amplitude  of  the 
driving  force,  k  is  the  nonlinear  coefficient 
(related  to  the  next  higher  order  elastic  con¬ 
stants).  e(fl)  cosftt  introduces  a  modulation  of 
the  resonance  angular  frequency  «uQ,  which  repre¬ 
sents  the  frequency  noise  of  the  resonator. 
Solving  this  equation  with  a  perturbation  method 
gives  the  phase  noise  of  the  output  signal. 

Let  Sy  (0)  be  the  frequency  noise  spectrum 
of  the  crystal.  When  driving  it  at  low  power, 
in  the  the  linear  range,  the  corresponding 
phase  spectrum  is  given  by 


The  data  show  a  clear  dependence  of  1/f 
noise  on  the  resonator's  unloaded  Q-factors, 
following  a  1/Q4  law.  The  only  exception  occurs 
with  the  2.5  MHz  (#2)  crystals,  which  show 
excessive  noise  most  likely  due  to  thermal 
transient  effects. 


02  +  ui2/4Q2 


(5) 


At  medium  levels,  when  the  resonator  is  driven 
near  the  jump  frequency,  the  phase  spectrum 
becoeies 


If  these  crystals  are  used  in  an  oscilla¬ 
tor,  the  1/f  spectrum  will  give  a  flicker  floor 
in  time  domain,  whose  corresponding  values  are 
given  In  Table  1,  and  which  corresponds  to  the 
best  stability  achievable  in  that  case  with  an 
oscillator. 

Measurements  at  Medium  Power 


u»2(02  ♦  uj2/4Q2) 
O2  (O2  ♦  u>2/Q2) 


(6) 


Thus  the  ratio  between  the  phase  noises  at  medium 
and  low  powers  is 


S^(*ediu*  power)  fl2  +  Sq/4Q2  )2 
sjdow  power)  '  QZ  ^  JT^  ' 


When  the  drive  level  of  the  crystal  Is 
Increased  it  exhibits  nonlinear  effects  due 
mainly  to  the  higher  order  elastic  constants. 
This  Is  the  well  known  amplitude  frequency 
effect  where  distortions  appear  in  the  amplitude 
and  phase  resonance  curves  and  even  hysteresis 


This  ratio  goes  to  unity  for  Q  »  «u0/Q  and  Is 
equal  to  w2/^2!}2  for  Q  «  u*0/4Q.  Therefore 
the  Induced  phase  noise  for  the  lower  Fourier 
frequency  components  can  be  greatly  Increased  hy 
the  crystal  nonl  Inearl  ties.  Such  a  noise  was 
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experimentally  observed  on  a  5  MHz  (5th  ovartona 
AT-cut)  rasonator  drlvan  at  2.5  mW,  as  shown  on 
Fig.  5. 


the  temperature  coefficient  have  opposite  signs. 


It  should  be  noted  that  higher  drive  levels 
were  once  considered  as  a  means  to  improve  the 
(white  phase  noise)  signal/noise  ratio  and 
therefore  the  short  term  stability  in  oscilla¬ 
tors.  However,  our  results  indicate  this  is  not 
in  general  a  practical  solution  since  the  non¬ 
linear  response  of  the  resonator  increases  the 
close  in  noise  at  the  same  time. 

Measurements  at  High  Power 

For  still  higher  levels,  quartz  resonators 
exhibit  large  instabilities.  Such  phenomena  are 
known  in  nonlinear  systems  as  chaotic  behavior. 
Chaos  has  been  observed  in  many  different  sy¬ 
stems10,  for  example  phase  locked  loops11  and 
12  13 

Josephson  junctions  ’  which  can  be  considered 
as  low  Q-factor  resonators.  The  main  difference 
between  these  systems  and  quartz  crystal  resona¬ 
tors  stem  from  the  high  Q-factor  and  thermal 
effects,  which  strongly  modify  the  behavior  of 
the  crystal  at  high  power. 

The  dissipated  power  Induces  large  tempera¬ 
ture  rises.  Positive  or  negative  frequency 
shifts  follow  according  to  the  sign  of  tempera¬ 
ture  coefficient  of  the  resonator,  i.e.  to  the 
location  of  the  operating  temperature  on  the 
frequency-temperature  characterl sties. 

Near  room  temperature,  the  temperature 
coefficient  is  negative  (of  the  order  -  4  Hz/K). 
A  temperature  rise  will  Induce  a  negative  fre¬ 
quency  shift,  which  can  be  large  enough  to  pull 
the  crystal  to  the  frequency  where  the  down  jump 
phenomenon  occurs  (Fig.  4).  Thus  the  amplitude 
becomes  much  smaller  decreasing  the  dissipated 
power.  Temperature  therefore  decreases  causing 
the  frequency  to  increase  until  it  reaches  the 
second  jump  and  so  on.  This  gives  a  cycling 
with  large  amplitude  and  phase  perturbations,  as 
shown  in  Fig.  6.  This  phenomenon  occurs  when 
the  amplitude* frequency  effect  and 


Above  the  turn- over  temperature  the  sign  of 
the  teiaperature  coefficient  becomes  positive. 
In  this  case  the  temperature  rises,  inducing  a 
positive  frequency  change,  which  corresponds  to 
an  additional  amplitude-frequency  effect.  This 
is  equivalent  to  increasing  the  nonlinearities 
of  the  crystal.  Fig.  7  Illustrates  the  ampli¬ 
tude  resonance  curve  of  a  5  MHz  (AT-cut,  fifth 
overtone)  crystal  excited  with  a  7  V  rms  driving 
signal.  As  the  drive  frequency  increases  the 
crystal  goes  from  stable  state  to  chaotic  states. 
The  transition  is  sudden,  and  no  set  of  cascading 
subharmonic  bifurcations  is  observed,  as 
would  be  the  case  in  low-Q  resonators.  The 
absence  of  subharmonics  is  explained  by  the  high 
Q  of  the  quartz  crystal,  which  filters  all  the 
subharmonic  frequencies,  which  are  out  of  its 
1 inewidth. 

The  sideband  frequency  noise  of  the  trans¬ 
mitted  signal  was  measured  in  the  same  condi¬ 
tions.  In  Fig.  8  the  power  spectral  density  of 

2 

frequency  fluctuations  shows  a  f  dependence 
versus  Fourier  frequency.  This  corresponds  to  a 
white  phase  spectrum,  characteristic  of  the 
generation  of  white  noise  in  the  crystal  resona¬ 
tor  by  the  chaotic  behavior  (white  noise  was 
also  observed  in  other  chaotic  systems.10'13 

The  level  of  this  phase  noise  is  S.  *  -34  dB 
2  * 

(rad  /Hz),  which  is  about  80  dB  larger  than  the 

phase  noise  levels  of  Fig.  5. 

Conclusion 

The  noise  behavior  of  a  quartz  crystal 
resonator  is  strongly  Influenced  by  the  ampli¬ 
tude  of  the  oscillation  and  the  corresponding 
nonlinearities.  At  low  power  1/f  frequency 
noise  is  observed.  At  medium  power  the  nonlin¬ 
ear  response  of  the  crystal  can  aqsllfy  this 
noise  and  give  larger  phase  fluctuations.  At 
high  power,  thermal  effacts  become  an  additional 
source  of  Instability.  At  sufficiently  high 
drive  power  chaotic  states  take  place  which 


generate  very  large  white  phase  noise.  The 
problest  of  chaos  Is  of  most  Interest  however, 
from  the  basic  physics  point  of  view.  The 
theory  of  cascading  bifurcations  Is  a  good 
explanation  of  how  a  deterministic  system  can 
have  stochastic  solutions  although  It  does  not 
directly  apply  In  the  case  of  quartz  crystal, 
because  of  the  high  Q-factors. 
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the  heir  bandwidth,  Me  spectra  nest  be  cor¬ 
rected  far  the  filtering  effect  ef  the  reesne- 
tern  yielding  the  dashtd  lines. 
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ABSTRACT 


er  the  past  years,  several  papers  have  been  pre¬ 
sented  which  contain  theoretical  analyses  of  the 
coupled  thickness-shear  and  thickness-twist  node 
resonances  in  rectangular  and  circular  quartz  plates. 
These  studies  involved  the  solution  of  the  differential 
equations  with  certain  assumed  boundary  conditions  and 
the  determination  of  the  eigenfrequencies  related  to 
the  thickness  modes  using  computers. 
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However,  to  this  date,  the  complexities  of  the 
mathematics  have  prevented  a  similar  analysis  of  the 
commonly  manufactured  resonator  consisting  of  a 
circular  AT-cut  quartz  blank  with  circular  electrode 
on  its  major  surfaces.  The  purpose  of  this  study  was 
to  derive  useful  equations  which  can  be  employed  In 
designing  such  AT-cut  quartz  resonators. 


This  paper  describes  the  results  of  am  empirical 
analysis  to  determine  how  the  freauency  and  the 
relative  activity  of  the  thickness  modes  in  AT-cut 
quartz  resonators  depends  on  the  diameter  of  the 
circular  electrodes  and  the  mass  loadi 


Specifically  provided  in  the  paper  are: 
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conventional  filter  configurations  which  employ 
discrete  quartz  crystal  resonators.  It  Is  because  of 
these  types  of  filters  that  an  understanding  of  the 
nature  of  unwanted  inharmonic  thickness  shear  modes  is 
vitally  important.  It  Is  Important  to  be  able  to 
reasonably  accurately  predict  the  frequencies  and 
relative  amplitude  of  these  modes. 

What  this  paper  will  provide  is  an  equation  which  will 
allow  the  user  to  predict  the  Inharmonic  mode 
frequencies  as  a  function  of  the  critical  dimensions  of 
the  crystal  resonator.  The  designer  may  then  design 
the  resonator  to  stagger  the  frequencies  and  minimise 
the  effects  of  coincidence.  Also  provided  is 
experimental  data  related  to  the  relative  amplitude  of 
the  inharmonic  modes  in  resonators  designed  to  meet 
various  Inductance  requirements.  The  designer  may 
utilize  this  data  to  determine  the  trade  off  of 
impedance  levels  and  mode  suppression.  The  paper  will 
also  introduce  what  we  call  the  Shared  Electrode 
Resonator  SER  and  describe  some  of  its  characteristics. 


INHARMONIC  MODE  FREQUENCIES 


1.  an  equation  between  the  dimensions  of  the  effec¬ 
tive  motional  volume  of  a  quartz  plate  and  the 
electrode  diameter  and  mass  loading; 

2.  an  equation  for  the  frequencies  of  the  inharmonic 
thickness  shear  and  twist  modes  as  a  function  of 
the  mass  loading  and  resonator  dimensions; 

3.  a  graphical  presentation  of  the  interrelationship 
between  the  relative  amplitude  of  the  thickness 
shear  and  thickness  twist  modes  and  the  product 
of  the  frequency  and  the  motional  inductance  of 
quartz  resonators. 

From  analysis  of  the  empirical  data,  the  lengths  of 
the  major.  Ax,  and  minor  axes,  Az,  are  given  respec¬ 
tively  by  equations  which  express  them  as  functions  of 
the  diameter  of  the  electrode,  the  thickness  of  the 
quartz  plate,  and  the  mass  loading. 


INTRODUCTION 

The  purpose  of  this  paper  is  to  share  the  results  of 
an  experimental  analysis  of  thickness  shear  modes  in 
AT-cut  quartz  plates.  The  objective  of  the  analysis 
was  to  explain  the  feasibility  of  using  different 
zones  inside  the  boundary  of  an  electroded  region  as 
separate  controllable  resonances.  In  the  process 
sufficient  data  was  derived  to  establish  an  equation 
for  the  frequencies  of  Inharmonic  thickness  shear 
modes  In  resonators  having  circular  quartz  plates  with 
circular  electrodes  and  to  gain  an  understanding  of 
their  relative  activity  levels.  Most  narrow-band 
filter  requirements  can  be  satisfied  utilizing 
monolithic  crystal  filter  configurations.  However, 
Intermediate  band  width  and  wlde-band  width  filter 
requirements  cannot  be  satisfied  using  the  monolithic 
crystal  filter  approach  and  must  be  realized  using 


The  equation1  which  we  wi 1 1  employ  to  compute  the 
inharmonic  mode  frequencies  is  shown  in  Figure  1.  We 
assume  that  essentially  all  of  the  acoustic  energy  is 
trapped  within  the  bounds  of  the  resonator.  This 
equation  gives  the  frequencies  of  a  rectangular 
resonator  where  Fmnp  Is  the  resonant  frequency  of  the 
mode  having. 5m  wavelengths  along  the  dimension  T,  .5n 
wavelengths  along  the  dimension  X,  and  .5p  wavelengths 
Z  with  m,  n  and  p  being  integers.  We  will  modify  the 
equation  to  fit  the  empirical  data,  so  that  we  can 
apply  it  to  resonator  designs  with  acceptable  accuracy. 
For  an  AT-cut  quartz  plate  the  equation  shown  in 
Figure  1  Involves  p,  the  density  of  quartz,  Cc6,  Cn, 
and  C55  which  are  the  elastic  constants,  T  the  quartz 
plate  thickness  and  Ax  and  A-  which  are  the  effective 
lengths  of  the  motional  region  of  the  quartz  plate 
in  the  X  and  Z'  directions  respectively. 

What  is  left  to  be  determined  by  our  empirical  analysis 
Is  how  Ax  and  Az  depend  on  the  dimensions  of  the 
electrode  and  the  quartz  plate.  It  Is  easily  demon¬ 
strated  that  If  we  employ  only  the  dimensions  of  the 
electrode  in  the  X  and  Z*  direction  that  the  calculated 
frequencies  will  not  correlate  with  the  measured 
frequencies.  This  Is  because  the  dimensions  which 
define  the  motional  region  of  the  quartz  plate  are  not 
bound  by  the  dimensions  of  the  electrode.  We  have, 
therefore  set  up  several  experiments  to  determine  the 
dependency  of  Ax  and  A-  on  the  dimensions  of  the 
electrode  and  quartz  plate. 


DETERMINATION  OP  Ax  AND  Az 

In  the  first  set  of  experiments  we  employed  quartz 
resonators  of  the  kind  which  are  Illustrated  In 
Figure  2.  We  used  quartz  blanks  vrtifch  ware  fairly 
large  In  diameter,  In  this  case  100  plate  thicknesses. 
Large  electrodes  were  Initially  vacuum  deposited  on  the 
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two  major  surfaces  of  the  quartz  plate.  The  diameter 
of  these  electrodes  was  71  plate  thicknesses  and  they 
were  located  directly  opposite  each  other.  The  reson¬ 
ators  were  mounted  and  bonded  onto  a  simple  base  which 
would  allow  for  the  deposition  of  a  small  circular  fre¬ 
quency  adjustment  spot  directly  opposite  on  both 
surfaces  of  the  quartz  plate.  The  experimental  set-up 
is  diagramed  In  figure  3.  This  shows  a  small  vacuum 
chamber  containing  two  evaporation  sources  located 
on  each  side  of  the  quartz  resonator  but  shielded 
from  the  quartz  resonator  by  a  shutter.  The  crystal 
resonator  Is  held  in  a  fixture  which  contains  Pl- 
clrcuits  in  accordance  with  the  recommended  test  method 
in  IEC  Publication  444,  which  was  employed  in  these 
experiments. 

A  mask  was  fitted  over  the  quartz  resonator  and  was 
designed  to  very  accurately  align  the  adjustment 
deposition  pattern  on  both  sides  to  the  center  of  the 
quartz  plate.  The  experimental  procedure  consisted 
of  sequentially  making  small  frequency  adjustments  and 
then  measuring  the  motional  parameters,  primarily  the 
motional  Inductance.  Comtec's  Model  770204  Test 
System2  was  employed  to  make  these  measurements.  An 
example  of  the  resulting  data  is  illustrated  in 
Figure  4.  For  the  resonator  shown  in  Figure  2,  the 
initial  motional  Inductance  was  measured  to  be  1.9 
mi  1 1 i-henries.  After  an  initial  small  frequency 
adjustment  is  made,  two  resonant  frequencies  very  close 
to  each  other  are  generated.  One  frequency  was 
slightly  higher  than  the  original  frequency,  and  the 
other  slightly  lower.  The  inductance  of  the  lower  of 
these  two  frequencies  was  measured  to  be  approximately 
3  mi  1 1 l-henries  and  the  inductance  of  the  higher  of 
these  two  frequencies  was  approximately  5.6  milli¬ 
henries.  As  additional  mass  was  deposited  onto  the 
center  of  the  electrode  and  the  frequency  was  sequen¬ 
tially  lowered,  the  inductance  associated  with  the 
lower  of  the  two  frequencies  continued  to  increase, 
whereas  the  inductance  associated  with  the  higher  of 
the  two  frequencies  decreased  and  became  asymptotic 
to  the  inductance  value  related  to  the  original 
frequency  of  the  resonator. 

Clearly,  what  takes  place.  Is  the  constriction  of  the 
effective  motional  volume  as  a  function  of  increased 
mass  loading  associated  with  the  central  region  of  the 
quartz  plate  and  the  expansion  of  the  effective 
motional  volume  associated  with  the  peripheral  region 
around  the  lower  frequency  central  region.  The 
inductance  associated  with  the  central  region  increases 
and  becomes  asymptotic  to  the  inductance  value  which 
is  associated  with  the  area  of  the  adjustment  spot, 
which  in  the  example  discussed  here  is  approximately 
43  ml  1 1 l-henries.  It  Is  also  Important  to  note  that 
the  product  of  the  two  Inductances  divided  by  their 
sum  equals  1.9  ml i I l-henr las,  the  initial  value  of  the 
inductance. 

The  conductive  electrode  which  extends  over  the  entire 
motional  area,  functions  as  a  collector  of  the  surface 
charge  which  Is  established  during  the  excitation  of 
the  central  region  at  the  lower  frequency.  As  we  know 
the  motional  Inductanca  Is  Inverstey  proportional  to 
the  area  of  the  region  In  resonance.  Therefore,  by 
measuring  the  motional  Inductance  with  the  lower  fre¬ 
quency  central  region,  wa  can  dlrecly  obtain  a 
measurement  of  the  effective  motional  volume  of  the 
quartz  plate  under  resonance. 

This  condition  Is  illustrated  In  Figure  $.  The 
affective  motional  volume  of  the  quartz  plate  Is 
extended  beyond  the  area  of  the  small  electrode  by  an 
— ant  v.  In  the  X-crystal lographlc  direction  and  o, 
in  the  Z~  crystallographic  direction,  tinea  the  fre¬ 


quency  of  the  fundamental  thickness  shear  mode  of 
motion  In  the  region  under  the  small  electrode  is  lower 
than  that  of  the  peripheral  region  around  it,  the  mode 
cannot  propagate  into  that  region,  but  is  acoustic 
displacement  exponentially  decays  as  the  wave  "tunnels" 
outward  from  the  extremities  of  the  smaller  electrode. 
The  magnitude  of  the  exponential  decay  depends  upon 
the  relative  difference  between  ue2  and  we!. 

As  the  difference  between  these  two  frequencies 
increases,  the  rate  of  the  exponential  decay  in  the 
displacement  increases;  therefore,  the  effective 
motional  volume  constricts  to  the  dimensions  defined 
by  the  adjustment  spot.  If  we  assume  that  at  the 
defining  edge  of  this  motional  volume,  the  effective 
amplitude  of  the  wave  in  the  X  direction  is  equal  to 
that  of  the  wave  in  the  Z1  direction,  then  we  have 
ox  is  approximately  equal  to  1.26  (az) . 

It  Is  important  to  point  out  that  in  this  configuration 
we  have  a  single  resonator  with  two  'fundamental1 
frequencies  whose  inductances  may  be  controlled  within 
certain  limits.  By  using  this  configuration  we  can 
achieve  the  complete  half  lattice  area  of  the  filter. 
This  will  be  discussed  in  detail  later 

Using  the  approximation  for  the  ratio  of  ox:oz  and 
assuming  the  motional  region  to  be  elliptic  in  shape 
we  compute  from  the  inductance  measurements  the 
related  areas,  and  in  turn  we  compute  ox  and  oz. 

Figure  6  shows  a  plot  of  the  magnitude  of  ax  and  oz 
as  a  function  of  the  differential  mass  loading,  A 
given  by  the  equation 

4  .  “el  -  “c2 
“el 

As  can  be  seen  from  this  data,  the  plot  appears  to  be 
well  mannered  when  plotted  on  a  logrithmic  scale. 

The  ordinate  In  this  case  Is  ox  and  oz  and  the 
abscissa  is  the  differential  mass  loading.  Utilizing 
this  data  we  can  determine  the  value  for  the  effective 
motional  length  in  the  Xx  and  Xz  direction  as  a 
function  of  the  diameter  of  the  electrode  and  the  mass 
loading. 


ALTERNATIVE  DETERMINATION  OF  Xx  AND  az 

The  next  series  of  experiments  involved  in  the 
fabrication  of  a  large  quantity  of  resonators  covering 
the  frequency  range  from  6  to  20MHz.  The  frequency 
spectrum  of  the  resonators  were  scanned  to  determine 
the  frequencies  and  relative  magnitudes  of  the 
inharmonic  thickness  shear  modes. 

The  method  employed  in  the  scanning  of  the  frequency 
spectrum  associated  with  the  quartz  resonators  is  that 
defined  In  the  IEC  Publication  283.  The  crystals  are 
placed  In  a  hybrid  balanced  bridge  circuit  as  shown 
in  Figure  7.  The  experimental  procedure  inyolved 
sequentially  scanning  the  frequency  spectrum  to 
determine  the  inharmonic  mode  frequencies  then  increa¬ 
sing  of  the  mass  loading  by  electroplating  the  entire 
electrode  and  repeating  the  scanning  step.  By 
Identifying  the  112  and  the  121  modes  when  detected, 
but  mainly  utilizing  the  113  and  131  modes,  the 
effective  mot  I on el  lengths  X-  and  X,  were  computed 
using  the  equation  given  In  Figure  1  and  substituting 
Into  it  the  frequency  difference  between  the 
fundamental  Fjjj  mode  and  the  F,la  and  Fjjj  modes 
respectively. 

The  results  from  a  large  body  of  experimental  data 
which  actually  encompassed  many  thousands  of  frequency 
measurements,  it  shown  In  Figure  8.  Figure  8  shows 
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ox  and  0Z,  the  extensions  of  the  motional  volume 
beyond  the  dimensions  of  the  electrode  In  the  X  and 
Z  directions  respectively,  plotted  as  a  function  of 
the  mass  loading,  delta  (A). 

A  relatively  simple  equation  can  be  fit  Into  these 
curves.  The  base  equation  which  fits  this  type  of 
curve  Is  that  the  natural  log  of  sigma  divided  by  T 
Is  equal  to  a  constant  K1  plus  a  constant  K2  times 
the  natural  log  of  delta,  the  mass  loading.  From  the 
data  plotted  In  Figure  8  we  determine  that  for  the 
Z  direction  K1  is  equal  to  -1.292,  K2  is  equal  to 
-0.602.  We  can  write  the  equation  for  oz  as 

oz  -  0.275  A'0*602 

T 

Therefore,  Az  is  given  by  the  equation 
Az  -  DE  +  0.55  T  A*0.602 

For  the  X  direction  extension  K1  equals  -1.411,  and 
K2  equals  -1.67. 

ox  is  given  by  the  equation 

T2-  -  0.244  A-0.C7 

And  the  equation  for  Ax  is  given  by 
Ax  -  DE  +  0.488  T  fi-0-67 


If  we  employ  Ax  and  Az  as  defined  by  these  equations, 
in  the  equation  for  Fmnp  we  can  get  reasonably 
accurate  results,  which  can  be  used  to  determine 
suitability  for  use  in  filter  applications. 

Two  examples  are  illustrated  In  the  data  given  below. 
In  this  figure  we  have  two  sets  of  data  involving 
resonators  in  the  7.1MHz  frequency  region.  The  first 
case  is  for  a  resonator  having  an  electrode  diameter 
of  3.22mm  and  a  mass  loading  of  1.02.  As  can  be 
seen  from  the  tabulation,  the  deviation  between  the 
computed  and  measured  value  is  less  than  2 KHz  for 
inodes  having  break-ups  only  along  the  X  or  Z' 
crystallographic  axis.  In  the  second  case,  the 
electrode  diameter  is  substantially  larger  in  size 
and  the  mass  loading  is  1.1852.  In  this  case  the 
deviation  between  the  computed  and  measured  values 
is  approximately  2KHz. 

COMPAR I S0H  WITH  MEASURED  DATA 


CASE  1: 

Electrode  Diameter  3.22ms 
Mass  Loading  1.0% 

MODE 

FREQUENCY 

COMPUTED 

(KHZ) 

MEASURED 

DEVIATION 

Fill 

7107 

7107 

F1 12 

7120 

7119 

-1 

F121 

7123 

7122 

-1 

FI  22 

7173 

7169 

-4 

FI  13 

7203 

7204 

1 

FI  31 

7213 

7211 

-2 

CASE  2:  Electrode  Diameter  4.88mm 
Mass  Loading  1.185% 

MODE  FREQUENCY  (KHZ)  DEVIATION  (KHZ) 


COMPUTED 

MEASURED 

Fill 

7144 

7144 

F1 12 

7176 

7178 

2 

F121 

7180 

7182 

2 

F1 13 

7230 

7129 

-1 

F131 

7241 

7245 

3 

During  the  acquisition  of  the  experimental  data,  the 
activity  of  the  unwanted  modes  was  recorded  and  can 
be  shown  as  a  function  of  mass  loading. 

Figure  9  illustrates  a  summary  of  this  kind  of  data. 

In  the  figure  we  have  shown  the  suppression  of  the 
strongest  mode  as  a  function  of  mass  loading  for 
various  types  of  resonator  designs. 

We  have  defined  the  different  resonator  designs  by 
It's  8-factor.  The  B-factor  is  defined  as  the  product 
of  the  resonators  frequency  times  the  motional 
inductance.  The  frequency  being  measured  in  Megahertz 
and  the  inductance  in  mi  1 1 1 -henries.  Therefore,  if 
the  B-factor  were  100  and  the  frequency  of  the 
resonator  was  10MHz,  then  the  inductance  associated 
with  that  resonator  would  be  10  ml  1 1 l-henries.  Shown 
in  Figure  9  are  curves  which  range  from  a  B-factor  of 
105  to  700.  The  curves  illustrated  in  Figure  11  are 
very  typical  for  resonators  of  the  values  shown.  As 
can  be  seen,  the  value  of  the  mass  loading  for  which 
the  suppression  of  all  the  modes  is  a  maximum,  varies 
with  the  magnitude  of  the  B-factor.  In  the  case  of  a 
B-factor  of  105,  the  maximum  suppression  is  obtained 
with  a  mass  loading  of  approximately  0.6%  as  shown 
here.  For  a  B-factor  of  140,  the  maximum  suppression 
is  obtained  with  a  mass  loading  of  approximately  1.01% 
The  same  is  true  for  a  B-factor  of  approximately  186, 
but  as  the  B  factor  increases  to  203,  a  higher  value 
of  mass  loading  is  required  to  achieve  the  maximum 
suppression  of  the  Inharmonic  modes.  This  data  can  be 
summarized  in  a  slightly  different  manner  and  plotted 
In  Figure  10.  What  we  have  done  here,  is  plot  the 
maximum  mode  suppression  db  versus  the  B-factor.  As 
shown  here.  If  the  resonator  design  required  a  B-factor 
of  approximately  100,  then  the  maximum  unwanted  mode 
suppression  that  one  could  expect  would  be  approxi¬ 
mately  17db.  This  may  or  may  not  satisfy  the 
requirements  of  the  filter  design.  If  the  designer 
was  required  to  have  a  greater  suppression  of  the 
Inharmonic  modes  then  resonator  designs  In  which  the 
B-factor  exceeded  approximately  190  would  be 
necessary.  The  mode  suppression  ts  not  significantly 
improved  for  resonators  having  B-factors  of  200  or 
greater. 


The  resonator  construction  illustrated  In  Figure  2 
has  the  equivalent  circuit  shown  In  Figure  11.  As 
previously  discussed,  the  motional  Inductance  agd 
capacitance  of  the  series  resonant  arms  are  functions 
of  the  diameter  of  the  targe  electrode  and  the  adjust¬ 
ment  spot  and  the  relative  mass  loading  of  the  two 
regions.  Within  the  limitations  prescribed  by  these 
parameters,  the  device  may  be  produced  to  have  a 
specified  Inductance  ratio  and  frequency  separation. 
For  Intermediate  bandwidth  and  wlda  bandwidth  filters 
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th«  Inductance  ratio  is  Important,  but  the  frequency 
accuracy  Is  of  less  Importance.  It  Is  In  these 
applications  that  we  feel  the  SER  will  find 
appl icat Ion. 

Further  studies  of  SER  devices  will  be  reported  In 
the  near  future.  Devices  have  been  fabricated  with 
up  to  three  controlled  resonant  regions.  Utilization 
of  this  type  of  device  can  reduce  the  number  of 
quartz  devices  by  the  number  of  controlled  resonant 
regions  in  the  SER  and  thereby  reduce  the  cost  and 
size  of  the  filter  network. 
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PROPERTIES  OF  AT  QUARTZ  RESONATORS  ON  WEDGY  PLATES 


Lawrence  N.  Dworsky 


Motorola,  Inc. 
Schaumburg,  Ill. 


ABSTRACT 

It  is  well  known  in  the  quartz  literature  that 
non-parallel  plate  surfaces  will  cause  deteriora¬ 
tion  in  the  performance  of  AT  resonators.  This 
deterioration  consists  of  a  decrease  in  the  mot¬ 
ional  capacitance  of  the  resonator's  desired 
operating  mode,  often  without  a  corresponding 
decrease  in  the  motional  capacitances  of  observed 
spurious  modes. 

A  model  was  developed  for  thickness-shear  vibra¬ 
tions  of  a  heavily  electroded  rectangular  AT 
plate,  assuming  a  small  linear  thickness  variation 
(wedginess)  across  the  plate.  The  model  predicts 
that  the  standing  waves  corresponding  to  the  dif¬ 
ferent  anharmonic  overtone  modes  of  vibration  will 
ibunch  up"  in  the  thicker  region  of  the  plate. 
Higher  order  anharmonic  modes  will  be  less  affected 
by  the  wedginess  than  will  lower  order  anharmonics. 
The  observed  consequence  of  this  behavior  is  that 
the  motional  capacitance  of  the  lowest  mode  (the 
desired  operating  mode)  will  deteriorate,  while  the 
'motional  capacitances  of  the  higher  order  modes 
(spurious  modes)  may  not  deteriorate  at  all.£ — 


INTRODUCTION 

In  1976,  Tiersten  presented  an  accurate  model  for 
the  rectangular  trapped  energy  resonator  on  an  AT 
quartz  plate. 1  This  model  allowed  for  calculation 
of  the  resonant  frequencies  and  motional  parameters 
of  all  trapped  modes.  In  1979,  Tiersten  and  Smythe 
presented  a  model  for  the  trapped  energy  resonator 
on  a  slightly  convex  plate.2  Their  model  was  de- 
reived  by  assuming  a  small  quadratic  thickness 
variation  over  the  plate,  and  then  assuming  an 
approximation  based  upon  Tiersten's  earlier  work. 

In  this  paper,  we  use  this  same  technique  to  derive 
a  model  for  the  trapped  energy  resonator  on  a  plate 
with  a  slight  linear  thickness  variation,  or  "wed¬ 
giness''  over  the  plate.  Simple  approximate  relat¬ 
ionships  are  then  derived  which  show  how  the  ob¬ 
served  motional  capacitances  of  the  resonator  vary 
with  the  magnitude  of  the  wedginess. 


THE  WSDGY  PLATE 

Although  energy  trapping  theory  edicts  that  es¬ 
sentially  spurious  mode  (spur)  free  resonators  are 
possible,  often  practical  considerations  preclude 
this  possibility.  These  considerations  typically 
include  process  related  minimum  electrode  thickness 


and  motional  parameter  related  minimum  electrode 
area.  If  the  electrode  thickness  and/or  the  elec¬ 
trode  area  is  sufficient  for  several  anharmonic 
modes  to  be  trapped  -  in  both  X  and  Z  -  we  consider 
the  resonator  to  be  "heavily  electroded"  and  note 
that  the  X  thickness  shear  displacement  amplitude 
may  be  approximated  by 

ux*  sin(^)cos(^)cos(^)  (1) 

where  ux  is  the  X  thickness  shear  displacement 
amplitude 

y  is  the  thickness  direction 
x  and  z  are  the  lateral  directions 
Ny  are  the  number  of  J  wavelengths  in 
1  thickness 

Nx  and  N,  are  the  number  of  J  wave¬ 
lengths  In  x  and  z,  respectively 
2LX  and  2LZ  are  the  electrode  dimensions 

Piezoelectric  excitation  of  this  resonator  occurs 
only  for  odd  values  of  NXr  Ny  and  Nz.  The  "heavily 
electroded"  approximation  is  only  valid  for  low 
values  of  Nx  and  Nz.  However,  Nx  =  Nz  =  1  is 
typically  the  operating  mode,  in  which  case  Nx  =  1, 
Nz  =  3  and  Nx  =  3,  Nz  =  1  are  the  most  troublesome 
spurious  modes.  ' 

Equation  (1)  is  the  solution  of 


Hnf^r*  ♦  c55f^¥*  ♦  *  P<*^ux  =  0  <2> 

where  C55  and  Cgg  are  elastic  constants 
P  is  the  mass  density 
u  is  the  (radian)  frequency 
Mp  is  Tiersten's  correction  to  Cji 

subject  to  the  boundary  conditions  ux  *  0  at  the 
edges  of  the  electrodes  and  that  the  surfaces  of 
the  electrodes  are  free. 

For  small  variations  of  h  with  x  and  z,  assume  that 


ux  =  U(x,z)sin(^^t)  (3) 

This  reduces  (2)  to 

c'(|^r  ♦  0)  ♦  U[pw*  •-  Cii(V/2h)]  =  0  (A). 
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where  C’  =  (Mn  +  C55)/2,  (5) 

an  approximation  too  poor  for  accurate  frequency 
calculations,  Put  adequate  for  this  discussion. 
Accuracy  of  a  particular  example  may  be  improved, 
if  so  desired,  by  replacing  C'  with  the  exact 
values  for  that  example. 

Now,  let 

h  =  h0  +  orxx  *  azz  (6) 

for  small  variations  in  h  about  h0, 

~k(a*X  +tV)]  (?) 

Substituting  (7)  into  (A), 

C'(§x*  *  dp)  +  ‘  c66<Nyir/2ho)’ 

(l-2axx/h0-2azz/h0)]U  =0  (8) 

Letting  U  =  F(x)G(z)  and  following  a  standard 

separation  of  variables  procedure  results  in  two 
ordinary  differential  equations,  identical  in  form: 


within  -Lx  <  x  <  Lx. 

For  the  itn  point. 

xi  =  A(i  -  Lx/A)  ,  0  <  i  <  N+l  (16) 

The  second  derivative  of  F  is  approximated  by 
d2F  F)xi  -  2F<  Fj,;  (17) 

dx1  5* 

and  the  ordinary  differential  equation  (9)  is 
replaced  by  the  set  of  linear  algebraic  equations 

Fi+1  +  Fi-1  "  2Fi  +  (KxAl’Fi 

+  (i  -  L/^A'Fi  =  0  (18) 

with  the  boundary  conditions 

Fo  =  FN+1  =  0  (I9) 

In  matrix  form.  (18)  appears  as 


d’F/dx*  +  KjF  ♦  (3xxF  =  0, 

F(tLx)  =  0 

(9) 

d’G/d z1  *  K|G  ♦  0zzG  =  0, 

G(+Lz)  =  0 

(10) 

where 

Kj  =  [p<S  -  Cgg(Ny x/2h0) 1  - 

V’VC 

(11) 

K|  =  VVC* 

(12) 

0-  C66Ny  ir’«/2C 1  hg ,  ( for  both  x  and  z) 

(13) 

Note  that,  For  a  given  design, 

i.e.  a  given  choice 

of  Nv  and  h0,  0  is  proportional  to  a.  Also,  from 
(11)  and  (12), 

W1  =  [C^(Ny>r/2h0)»  +  C'(KJ  +  K§)]/p  (14) 


The  solutions  F  and  G,  to  (11)  and  (12),  describe 
the  x  and  z  dependencies  of  the  standing  wave 
U  =  FG  on  the  wedgy  plate.  Once  F  and  G  are  known 
it  is  possible  to  calculate  the  motional  parameters 
of  the  resonator.  Equations  (11)  and  (12)  are 
eigenvalue  equations,  and  each  has  an  infinite 
number  of  solutions.  Only  the  lowest  values  of 
Kx  and  Kz  are  needed  in  order  to  calculate  the 
motional  parameters  of  the  operating  mode  of  a 
resonator.  The  next-to-lowest  values  of  Kx  and 
Kz  are  needed  in  order  to  calculate  the  motional 
parameters  of  the  dominant  spurs. 


Ax  1  0  0 

1  A2  1  0 

0  1  A2  1 


where 


J 


=  0 


(20) 


Aj  =  -2  +  (KXA)’  +  fid  -  LX/A)A5  (21) 

and  the  resonances  are  found  by  setting  the  det¬ 
erminant  of  the  coefficient  matrix  =  0. 


The  determinant  of  the  coefficient  matrix  is  easily 
evaluated  by  the  repeated  transformation 


1 

0 

0 


1 

0 


1 


*4 


WAVE  FUNCTIONS  ON  Ti€  PLATE 


Since  (9)  and  (10)  are  identical  in  form,  it  is 
only  necessary  to  solve  either  of  them.  Consider 
a  finite  difference  approximation  to  (9); 


0  (Aj-l/Aj)  - 

0  1  A3 


Let  2LX/(N  ♦  1)  (15) 

be  the  separation  between  N  equally  spaced  points 


0 


0 
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Al 

0  (Aj-l/Ai) 

0  0  (a3-a^I7K7>  - 

0  0  1  a4 


etc. 

This  procedure  transforms  the  determinant  to  an 
upper  diagonal  determinant,  which  is  evaluated  by 
simply  taking  the  product  of  the  diagonal  terms. 
This  procedure  is  efficient  enough  that  relatively 
large  order  determinants  may  be  quickly  evaluated 
on  a  small  personal  computer. 

To  find  the  value(s)  of  Kx  by  determinant  eval¬ 
uation  it  is  necessary  to  "guess"  at  an  initial 
value  of  Kx,  evaluate  the  determinant,  and  then 
to  iteratively  improve  upon  the  guess  until  a 
value  of  K  is  found  which  causes  the  determinant 
to  be  equal  to  zero.  Once  a  value  for  Kx  is 
found,  the  values  of  F,  are  found  by  setting  F^ 
(say)  =  1,  and  then  solving  the  matrix  equation 
(20)  for  the  remaining  Fj. 

Figure  1  shows  Kx  vs  p  for  the  parameters  shown 
in  the  figure.  Note  that  there  is  a  region  of  p 
(0  <  ?  <  2x10!2)  where  Kx  hardly  varies  from  its 
3=  0  (no  wedginess)  value,  and  then  for  higher 
values  offl,  Kx  falls  rapidly.  From  (14)  we  may 
interpret  the  information  in  figure  1  as  saying 
that  for  p  <  2xl012  the  resonator  frequency 
essentially  stays  constant,  and  then  as  p  gets 
large  the  frequency  falls  rapidly. 

Figure  2  shows  the  function  F(x)  for  the  same  par¬ 
ameters  as  figure  1,  for  several  values  of  p.  As 
may  be  seen,  for  0=0,  F(x)  is  a  i  wave  cosin¬ 
usoid.  As0  increases,  F(x)  appears  to  get 
squeezed  towards  the  thicker  region  of  the  plate. 
This  agrees  physically  with  the  concepts  of  energy 
trapping  in  AT  plates,  and  also  explains  why  the 
resonant  frequency  decreases  as  p  increases. 

Figure  3  shows  F(x)  for  a  higher  order  solution, 

(Nx  =  5),  for  the  same  parameters  as  used  in  fig¬ 
ures  1  and  2.  As  may  be  seen,  the  effects  of 
wedginess  appear  the  same  in  figure  3  as  in  figure 
2,  except  that  it  takes  much  larger  values  of  p 
for  the  case  of  figure  3  to  produce  noticeable 
squeezing  of  F(x).  This  means  that,  in  actual 
devices,  we  would  expect  the  operating  mode, 

(Nx  =  1)  to  suffer  the  effects  of  wedginess  much 
more  severely  than  the  spur  modes  (Nx  >  1).  In 
other  words,  we  would  expect  the  motional  capaci¬ 
tance  to  degrade  much  more  severely  for  the  operat¬ 
ing  mode  than  for  the  spur  modes. 

A  SIMPLIFIED  MOOS. 


(22) 


In  order  to  develop  simple  closed  form  equations 
relating  observed  motional  capacitance  to  wedgi¬ 


ness,  it  is  necessary  to  assume  a  simple  form  for 
F(x) .  Inspection  of  figures  2  and  3  shows  that 
F(x)  may  be  approximated  by 


F(x)  « 


sin  M teteal 

Lx-a 

a  i.  *  £  Lx 


(23) 


0  -Lx  £  *  <  3 1 


where  a  is  a  parameter  which  is  in  some  way 
dependent  upon  p,  and  -Lx  <  a  <  Lx. 


To  find  the  dependence  of  a  upon  p,  let  (23)  be 
used  as  a  trial  function  in  a  variational  formu¬ 
lation  of  the  (eigenvalue)  problem: 


(24) 


noting  that  the  above  form  of  F(x)  satisfies  the 
original  boundary  conditions. 

Substituting  (23)  into  (24), 


i  (l^s)’  -  WL*  +  a)/2  (25) 

Equation  (24)  states  that  the  correct  value  of  Kx 
is  always  equal  to  or  less  than  the  approximate 
expression  shown.  If  the  actual  function  F(x) 
were  available  and  were  used  in  (24),  the  exact 
value  of  Kx  would  result.  This  means  that  an 
expression  such  as  (23),  with  an  adjustable  par¬ 
ameter,  is  most  accurate  when  that  parameter  is 
set  to  give  the  minimum  value  of  Kx  in  (24). 

In  order  to  find  the  value  of  a  which  minimizes 
Kx,  we  take  the  derivate  of  (25)  with  respect  to 
a  and  set  it  to  0: 


d(Kj)/dx  =  0  ,  or, 

/  .  />  (26 

a  =  Lx  -  (2NX*),/V0X’/’ 

Equation  (26)  is  valid  only  for  -Lx  <  a  <  Lx.  In 
other  words,  (26)  is  valid  for  ~ 


h  >  (Nx^)*/2U5 

(27) 

otherwise  a  =  -Lx 

(28) 

Figures  4,  5,  and  6  are  repeats  of  figures  1,  2, 
and  3,  but  using  (23),  (27),  and  (28)  to  generate 
the  figures.  As  may  be  seen,  the  simplified  model 
reproduces  the  results  of  the  finite  difference 
solution  quite  well.  Naturally  the  comers  which 
appear  in  the  curves  of  figures  4,  5,  and  6  are 
artifacts  of  the  simplified  model,  and  are  not  at 
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all  physical. 


2LX  <  (2r)2'/3/0l/3a  3.4/fll/3 


(33) 


MOTIONAL  capacitance 

The  calculation  of  motional  capacitance  is  well 
treated  in  the  literature.  For  example,  reference 
1  has  detailed  expressions  for  the  motional  cap¬ 
acitance  of  trapped  energy  resonators.  For  the 
purposes  of  this  treatment,  we  are  interested  only 
in  how  the  motional  capacitance  of  a  resonator 
chages  as  a  function  of  wedginess.  For  that  reason 
it  is  perfectly  reasonable  to  set  all  elastic, 
piezoelectric,  and  dielectric  coefficients  =  1,  and 
consider  only  the  functional  form  of  an  expression 
for  motional  capacitance: 


A  reasonable  approximation  for  the  frequency  of 
a  resonator,  for  the  accuracy  required  here,  is 
the  frequency  of  an  infinite  plate, 

F°  =  (34) 

Combining  (34)  and  (12), 

0“  3.5xl09F^,hza/Ny  (35) 

Equations  (33)  and  (35)  form  an  approximate  plate 
parallelism  design  guideline:  For  a  given  design, 
knowing  the  electrode  size  required,  (33)  speci¬ 
fies  the  maximum  allowed  value  of  0.  Knowing  the 
overtone  of  operation  and  the  operating  frequency, 
(35)  then  specifies  the  maximum  value  of  a. 

The  maximum  allowed  thickness  variation  over  the 
electrode  is  then  simply  2aLx. 


where  s  is  the  electrode  area. 

Evaluating  (29)  for  the  simplified  F  and  G  forms 
(Eqs.  (23),  (26),  and  (28)  )  yields 

Cm  _-  k*.-.  -  «r>  (30) 

n;n; 

For  a  given  Nx  and  Nz,  normalizing  to  the  «x  = 

®z  =  0  case,  [i.e.  letting  ax  =  -Lx  and  a,  =  -Lz), 
(30)  becomes 

Cmn  *  ^  (31) 

As  an  example,  consider  the  case  of  a  square  res¬ 
onator  with  equal  amounts  of  wedginess  along 
both  x  and  z  axes.  In  this  case,  (31)  becomes 


Figures  7,  8,  and  9  show  Cmn  vs.  electrode  size, 
for  several  values  of  thickness  change  over  the 
electrode.  All  3  figures  are  similar  in  appear- 
ence,  with  only  different  parameters  to  distinguish 
them.  In  each  figure,  for  a  given  thickness  change 
over  the  electrode,  there  is  a  maximum  size  elect¬ 
rode  which  will  show  essentially  no  motional 
capacitance  deterioration  due  to  wedginess.  Once 
that  size  Is  exceeded,  the  motional  capacitance 
falls  off  rapidly.  Alternatively,  the  figures 
show  what  thickness  change  over  the  electrode 
may  be  tolerated  for  a  given  size  electrode  with¬ 
out  appreciable  motional  capacitance  deterioration. 


SUMMARY 

An  approximate  model  has  been  developed  for  the 
heavily  electroded  wedgy  AT  quartz  plate.  Based 
upon  a  simplified  approximation  of  this  model, 
closed  form  expressions  were  developed  which 
relate  the  deterioration  of  the  motional  capaci¬ 
tance  of  the  resonator  to  the  plate  wedginess. 
This  in  turn  led  to  the  specification  of  a 
maximum  allowed  thickness  variation  over  the 
electroded  area  of  a  plate  which  could  be  toler¬ 
ated  without  significant  deterioration  of  the 
motional  capacitance. 
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OESIGN  GUIDELINES 


Th*  maxinun  mount  of  wedginess  which  can  be  tol¬ 
erated  without  a  noticeable  deterioration  in  res¬ 
onator  motional  capacitance  is  that  value  of  a, 
(or  0),  at  sftich  appreciable  squeezing  of  the 
standing  wave  F(x)  and/or  G(z)  occurs.  From 
(26),  therefore, 
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ABSTRACT 


'-^Acoustical  radiation  is  of  particular  intensity 
or  resonators  baring  large  normal  components  of  dis- 
Lacement.  This  can  be  used  as  a  simple  and  efficient 
way  to  transfer  energy  between  two  resonators  in  order 
to  constitute  a  filter  structure.  A  one  dimensional 


modeliaation  of  gas  coupled  extensional  composite  re¬ 
sonators  is  described.  This  model  indicates  a  simple 
dependence  of  the  response  on  several  parameters  of  the 
gas  gap.  A  theoretical  investigation  of  vibrational  and 
electrical  behaviour  of  composite  resonators  and  of 
acoustically  coupled  biresonator  filter ^made  by  a  bi  or 
tridimensional  finite  element  analysis  is  reported. 

This  analysis  was  performed  for  two  different  types  of 
structures  :  one  of  cylindrical  geometry,  the  other  of 
paralellipipedic  geometry. 


Air  coupled  filters  s  Experimental  work  reported 
concerns  composite  flexural  discs  coupled  by  fixing 
them  at  a  short  distance.  The  influence  of  several  pa- 
rsmeters  such  as  coupling  distance  and  gas  pressure  is 
given. 

In  order  to  obtain  devices  with  low  losses,  low  aging 
and  good  temperature  behaviour,  composite  flexural  bars 
made  of  Durinval  alloys  and  Y-45  Lit  hit*  Niobate  and 
X  ♦  5°  flexural  quartz  bars  were  used.  On  the  whole 
such  2  poles  filters  exibit  good  performances  and  may 
be  a  simpler  and  smaller  valid  alternative  to  classical 
LC,  crystal  and  mechanical  filters  for  low  frequencies . 


Pressure  transducers  :  The  pressure  dependence  of 
insertion  loss  of  gas  coupled  filters  is  qussi-linear 
over  three  decades.  A  response  is  obtained  across  at 
least  5  decades  of  pressure. 


I  -  INTRODUCTION 

Acoustical  radiation  is  known  to  be  one  important 
energy  loss  mechanism  of  piezoelectric  devices  contai¬ 
ned  in  pressurized  enclosures.  This  phenomenon  is  of 
particular  intensity  for  resonators  having  vibration 
modes  with  a  large  normal  component  of  displacement,  on 
a  boundary  surface  of  large  area.  This  condition  oc¬ 
curs  for  many  types  of  low  frequency  resonators.  Acous¬ 
tical  radiation  can  transfer  energy  between  resonators 
(tl  .  A  question  arises  then  s  Is  it  possible  to  cons¬ 
titute  efficient  filters  structures  using  acoustical 
coupling  7  Our  purpose  in  the  pretest  paper  is  to  exa¬ 
mine  the  principal  properties  of  gas  closely  coupled 
resonators  through  theoretical  tod  experimental  inves¬ 
tigations.  This  research  was  conducted  in  view  to  ob¬ 
tain  single  filters  in  the  supravocal  frequency  domain 
for  telephony  applications  in  particular  for  an  anti- 
larsen  system  for  n  free  hand  set.  In  the  course  of 
this  work  it  was  shown  that  this  type  of  structure  can 


have  also  interesting  application  as  pressure  transdu¬ 
cer. 

II  “  THEORETICAL  INVESTIGATIONS 

The  Figure  1  represents  the  differents  structures 
we  have  considered  in  this  study,  most  use  composite 
resonators  which  permit  to  obtain  larger  coupling  ares 
than  classical  ones  and  permit  an  easy  fixation  of  two 
resonators  at  a  short  distance.  The  composite  flexural 
bars  that  have  a  length-thickness  motion  can  be  made 
with  very  low  resonance  frequency  together  with  small 
dimensions.  As  we  will  see  letter  composite  flexural 
bars  can  be  easily  temperature  coapensated  and  their 
coupling  coefficients  can  be  adjusted  between  0  and 
about  25  %  (with  zero  F.T.C). 

II ■ 1  1  -  D  model 

Ve  consider  two  resonators  of  the  symmetrical 
Langevin  type  coupled  by  a  small  gas  gap  (Figure  2). 

The  end  parts  of  resonators  are  made  of  a  mechanical 
filter  metallic  alloy.  The  piezoelements  are  either 
Y  ♦  3(i°  LiNbOj  or  a  high  Q,  low  FTC  piezo-ceramic. 

The  1-D  model  considers  out-Bide  radiation  i.e. 
loading  of  the  end  faces  by  the  mechanical  impedance  of 
a  seed  infinite  coluan  of  gas.  The  model  uses  the  for¬ 
malism  of  k  x  It  electro-mechanical  chain  matrix  with 
parallel  electrical  connections,  introduced  by  Sittig 
|2l  for  the  piezoelements,  and  classical  mechanical 
2x2  chain  matrix  for  the  elastic  layer  including  gas. 
Connection,  at  the  inner  side  of  piezoelement,  between 
the  U  x  U  and  2x2  matrix,  taking  account  of  the  elec¬ 
trical  open  circuit  condition  is  accomplished  by  alge¬ 
braical  manipulations  equivalent  to  those  needed  when  a 
serial  combination  of  a  nullator  and  a  norator  is  con¬ 
sidered.  Mechanical  losses  in  solids  are  introduced  by 
imaginary  parts  of  material  constants  [31  ,  compres¬ 
sions!  viscosity  is  considered  in  gases  that  are  regar¬ 
ded  otherwise  as  ideal.  Te^erature  and  pressure  effects 
are  taken  into  account  for  the  gas.  For  the  piezoelectric 
layer,  stiffened  bar  constants  are  used  according  to 
the  global  vibration  mode  of  the  resonators.  The  compu¬ 
ter  program  set  up  for  1  D  modelisation  can  analyse  ei¬ 
ther  gas  coupled  filter  or  classical  1  D  electromecha¬ 
nical  filters  coaposite  resonators .  it  considers  any 
type  or  1-D  modes  (thickness  modes, length  extensional 
modes,  torsonial...)  of  stiffened  or  unstiffened  nature 
forfche  piezoelectric  layers  (2)  ,  in  the  non-qfuasi  mono 
mode  approximation.  Results  are  obtained  in  the  form  or 
total  chain  matrix,  8gt  and  insertion  loss  for  quadri¬ 
poles  and  iapedanee  for  di poles. 

Before  presenting  counted  results,  let  «■  examine 
•pacific  properties  of  mall  distance  gas  totaling  and 
nstablish,with  a  very  t lapis  analytic  approximation. 


some  carae ter i sties  of  short  distance  gas  coupled  reso¬ 
nators.  The  1  D  chain  matrix  of  a  gas  layer  is  tU]  : 


)•(” 

/  F2  \ 

)  \y 

j 

U/ 

where 


a  “  6  “  cos  6  ,  with  : 

O  ■  ■  ■ 

8  «  j  Zg  sin  8g 

y  mi~ sin  9d 


«  2  »  f  «„/vP 


g 


p  vgS 


since  ig  is  very  small  as  compared  to  wave-length  in 
gas  we  can  approximate  sin  8g  by  8g  and  cos  8g  by  1.  In 
the  hypothesis  of  an  adiabatic  ideal  gas  vg  and  Zg  de¬ 
pend  as  follow  of  Pressure  and  Temperature  : 


v  (P,T)  «  v 


273+T 


273 


(Tin°C) 


Zg(P,T)  ■  pQ  (273+T)  vg^P,T^  ^in  ““  Hg'  ^ 


>  reference  state  T0 »  0°C ,  P0  -  760  mm  Hg 

If  we  consider  2  purely  mechanical  resonators,  with  a 
resonant  frequency  fr  *  coupled  by  the  gas  gap 

of  length  l  ,the  total  mechanical  chain  matrix  is 
6 


r  Bv° 

8WD  Bi 

n* by 

BY+2B  *H\ 
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Vc  d/\y 
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(Approximation  8n  ^  *  ); 

151 

e 

By  the  electromechanical  equivalence  (P  ♦  V,  u' -►  i)  we 
have  : 


—  *»  K  I  (1+By) ♦  - ' -  (2B  *-B2y+R,Rp7+B  )  (>») 

v2  \  (R^+Rg)  I 


for  »_  «  X_  ;  tg  <<  t_  and  Cor  f  near  fr  the  predomi¬ 
nant  terms  of  I  *  1  contain  all  the  factor  y  so  : 


or  in  fonction  of  P,  T,  Sg,  tg 


In  the  electrons obmaioal  case  this  relation  can  be  ve¬ 
rified  amaerieally. 


Figure  3  represents  the  computed  insertion  loss 
for  the  composite  structure  whose  dimensions  are  given 
on  the  figure.  It  was  computed  with  Q  »  UOOO  for  all 
solid  layers.  A  flat  response  occurs  for  Rj  »  5,5  kB 
and  Rg  “  50  k£J.  With  equal  resistances  peak  responses 
occur  near  resonant  frequency  with  low  values  and  near 
antiresonant  frequency  for  high  values.  He  must  empha¬ 
size,  that,  without  losses,  two  "true"  band-pass  (i.e. 
with  zeros  of  A)  can  exist  in  these  conditions.  For 
the  geometry  chosen,  they  are  very  narrow. 

In  this  study  we  consider  the  "false"  band-pass 
already  mentionned  that  is  much  larger  (a  large  frac- 
tion  of  the  fa-fr  interval)  and  tends  to  become  a  zero 
attenuation  bandpass  as  either  surface  Sg,  or  pressure 
is  increased  or  *g  in  decreased  (5).  A  more  detailed 
examination  of  the  purely  mechanical  approximation 
would  have  also  revealed  the  interest  of  decreasing  the 
mass  of  resonators  (the  B  term  of  (3)  contains  this 
mass).  With  the  chosen  geometry  (constant  section)  it 
is  not  possible  to  vary  significantly  the  ratio  Sg/Mr. 
On  Figure  4  is  represented  the  experimental  response 
for  the  same  structure.  Agreement  is  good  in  view  of 
the  uncertainty  in  material  constants.  Please  note  a 
different  definition  of  A  (here  A  is  the  effective  at¬ 
tenuation)  that  explains  the  difference  of  about  5dB 
for  flat  response  with  computed  results. 

Figure  5  gives  the  computed  pressure  dependence 
of  amplitude  at  the  center  of  a  flat  response  in  linear 
coordinates.  The  linearity  of  the  A(P)  relation  is  well 
verifit  1.  It  was  also  numerically  verified  that  no  tem¬ 
perature  dependence  occurs  due  to  the  gas  (less  than 
1/ 100th  of  dB  for  50°C  variations).  Computation  have 
shown  that,  in  thiB  case,  external  radiation  of  the  re¬ 
sonators  ha3  only  a  very  very  small  influence  on  inser¬ 
tion  loss  and  that  viscosity  of  gas  has  a  negligible 
influence.  On  Figure  6  are  represented  the  variation  of 
insertion  loss  (flat  transmission)  when  the  coupling 
distance  ig  is  varied.  The  1/lg  law  is  verified  for 
small  distances.  Figure  7  indicates  the  computed  sensi¬ 
tivity  or  the  frequency  response  (flat  transmission) 
when  the  resonant  frequency  of  only  one  resonator  is 
changed  ( by  varying  the  dimension  of  one  layer  of  one 
resonator). 

II. 2  -  Two  dimensional  analysis 

The  results  given  by  the  1-D  model  are  thought  to 
be  of  general  significance.  So  to  obtain  with  gaz  cou¬ 
pling  a  wide  flat  response  with  low  insertion  loss  we 
have  to  take  devices  with  large  coupling  area, low  mass 
and  low  coupling  distance.  So  an  attracting  solution  is 
to  use  thin  flexural  discs.  The  principal  drawback  of 
the  1-D  model  was  to  consider  (plane  wave  hypothesis) 
no  possibility  for  the  gas  to  escape  the  coupling  space. 
This  and  the  composite  nature  of  resonators  have  led  to 
consider  a  2-D  modelisation  for  the  structure  using 
flexural  disc.  (Figure  1). 

The  detailed  geometry  of  a  disc  resonator  is  given 
on  Figure  8  (Half  disc).  Only  modes  of  axial  symmetry 
are  considered.  The  equations  in  metal  are  those  of  i- 
sotropic  elasticity,  in  ceramic  those  of  piesoelectri- 
city  and  in  gas  the  wave  equation.  Boundary  conditions 
are  Tn  “  0  for  external  surfaces  (no  external  radia¬ 
tion)  and  continuity  of.T  and  u  at  the  interfaces.  This 
lesds  to  the  condition  w*  ■  u^  (61  st  the  (Inner) 
gas  interface.  The  solution  was  obtained  by  finite  Ele¬ 
ment  Method  16 1  .  The  spatial  discretisation  of  2  cou¬ 
pled  composite  discs  uses  62  elements  of  rectangular 
cross  section  (h  nodes  elements  with  constant  shear  to 
enhance  the  precision  for  neaurnl  motion).  Eigen  fre¬ 
quencies  (fr  end  fft)  and  eigen- nodes  of  uncoupled  reso¬ 
nators  atv*0ori«0  were  obtained  by  Ms  aonnsa 
tioeal  method  (?)  161  .  The  electrical  reaponee  in 


obtained  by  condensation  of  the  internal  (electro-me¬ 
chanical)  degrees  of  freedom  (9 1  . 

Figure  8  displays  for  a  half-disc  the  first  fle¬ 
xural  mode  of  the  composite  disc  as  computed  by  FEM. 

The  associated  resonance  frequency  of  13272  Hz  is  in 
good  agreement  with  the  experimental  value  of  12750  Hz 
according  to  incertainty  in  material  constants  and  to 
the  fact  that  in  experimental  resonators  the  fixation 
adds  some  mass  that  lower  the  resonance  frequency. 

On  Figure  9  are  shown  for  differents  R-j  and  R2 
the  computed  effective  attenuation  of  two  air  coupled 
discs.  Agreement  with  corresponding  experinent  iB  good 
as  can  be  seen  on  Figure  10  exept  for  absolute  value 
of  attenuation  ;  the  difference  can  be  attributed  to 
the  modest  Q  value  of  resonators  80  to  100  . 

II. 3  -  Three-dimensional  model 

In  order  to  obtain  devices  with  higher  ft  factors 
and  with  easier  fixation,  we  have  then  considered 
composite  length-thickness  flexural  bars  vibrating  in 
their  first  free-free  mode.  The  3-D  model  considers 
essentially  the  same  equations  and  boundary  conditions 
as  the  cylindrical  2  D-one.  The  solution  (electrical 
response)  is  also  obtained  as  a  function  of  geometri¬ 
cal  parameters  by  the  finite  element  method.  The  dis¬ 
cretization  uses  the  twenty  modes  (2n<*  order)  brick 
element,  1 6  elements  are  used  for  the  filter  struc¬ 
ture  (Figure  11).  The  same  method  was  also  used  to 
obtain  the  electrical  response  of  resonators  f  101  . 

The  computed  electrical  response  is  somewhat  larger 
than  the  experimental  one  which  is  given  on  figure  12a. 
However  the  model  has  permitted  to  demonstrate  that 
without  losses  a  bandpass  between  low  and  equal  re¬ 
sistances  can  be  obtained.  This  fact  was  confirmed  on¬ 
ly  very  recently  by  the  experiment  (figure  12b). 

Ill  -  EXPERIMENTAL  RESULTS 

Several  mechanical  filter  alloys  from  Acieries 
d'Imphy  (Creusot -Loire)  were  used  in  this  study.  Most 
important  properties  of  these  alloys  are  given  in 
Table  1 

TABLE  1 


Alloy 

v(ms  ') 
(ext. bar.) 

p/gcm-3) 

FTC 

io"6^-’ 

ft 

Duri  rival  C 

1*900. 

8.04 

0.12 

Adjustable 

4 

2.5  10 
(Air) 

F.T.C 

Compensating 

Durinval 

Alloys 

if 

8.04 

-5 
to 
♦  30 

up  to 

8  I01* 
vacuum 

Elinvar 

4815. 

8.11 

0.11 

1,7  10U 
(Air) 

the  piezoelemcnt  of  the  composite*  were  the  P  X  5  cera¬ 
mic  for  the  disci  (Philips)  ;  two  developmental 
types  of  low  F.T.C  ,  high  Q  cersmics  were  used  for  fle¬ 
xural  bar  :  The  PX  652  from  Philips  and  the  9281  from 
Thomson-CSF.  For  high  ft  flexural  bars,  Y-U70  lithium 
niobate  was  used.  The  ft  value  of  composite  flexural 
bars  can  be  in  the  range  2000  to  20  000  according  to 
the  piezoelement  chosen  and  tc  the  bonding  technology 
(conductive  epoxy  bonding  or  thin  film  tin  soldering) 
(1>1  . 


111.1  -  Disc  geometry 

Further  experiments  with  discs  were  made  with 
thinner  resonators  coupled  at  shorter  distances  (.5  to 
.8  mm)  ;  the  minimal  effective  attenuation  was  in  the 
range  of  10  to  12  dB.  An  important  part  of  attenuation 
was  attributed  to  the  low  Q  factor  of  resonators  (about 
100)  that  results  from  the  use  of  a  PZT  5  like  ceramic. 

On  figure  13  a  typical  example  is  given.  A  8  kHz  expe¬ 
rimental  filter  structure  is  displayed  on  figure  I1*. 

The  effect  of  coupling  distance  was  measured  wit E  the 
same  kind  of  structure.  The  attenuation  is  a  i/ig  fonc- 
tion  only  for  short  distances,  then  solid  angle  effects 
or  radiation  diagram  effects  modify  the  law  (Figure  15). 
The  attenuation  is  a  quasi -linear  function  of  pressure 
down  to  about  50  mmHg,  below  the  response  becomes  non 
linear.  The  structure  can  detect  pressure  well  below 
10"  ^  torr  (Figure  16) . 

111 .2  -  Flexural  bars 

Composite  flexural  bars  permit  to  achieve  good  ft 
factors.  The  bars  can  be  temperature  compensated  by  the 
choice  of  the  alloy  and  heat  treatment  to  better  than 
1  5.10"6  for  10°C.  The  figure  17  represents  typical 
response  of  such  a  resonator,  the  coupling  coefficient 
can  be  ajusted  by  choosing  the  dimension  of  the  piezo- 
element  between  0  and  about  25  %.  Figure  18  represents 
the  frequency  response  of  argon  coupled  Ears.  The  ef¬ 
fective  attenuation  is  as  low  as  4  dB,  the  3  dB  band- 
with  is  175  Hz,  that  is  3  %.  The  structure  is  much 
smaller  than  a  classical  mechanical  filter  and,  a  for¬ 
tiori,  than  a  LC  filter.  Use  of  different  termination 
resistances  (the  filter  acts  as  an  impedance  transfor¬ 
mer)  is  not  a  drawback  in  this  frequency  range.  Atte- 
nations  of  some  dB  are  generally  not  constraining  in 
this  frequency  range  since  an  extra  gain  is  generally 
available  at  low  cost  in  the  systems.  However  if  less 
losses  are  needed  or  higher  order  filters  required,  the 
same  type  of  resonators  can  be  used  to  obtain  lattice 
or  ladder  "classical"  filters  1121  .  The  Figure  19  re¬ 
presents  the  frequency  response  of  a  3  resonators  Lad¬ 
der  filter. 

X  ♦  5°  flexural  bars  can  be  used  in  air  coupled 
structures  as  can  be  seen  on  Figure  20  but  with  little 
advantage.  It  is  difficult  to  rax  them  rigidly  at  a 
short  distance  and  to  lower  the  input-output  parasitic 
capacitance.  A  preliminary  investigation  was  made  using 
two  AT  quartz  plates  (fr  ■  2.6  MHzI  at  a  distance  of 
about  .5  ran  ;  surprisingly  there  was  a  noticeable  res¬ 
ponse  as  shown  on  figure  21.  It  seems  that  the  coupling 
effect  occurs  by  tEesnall normal  component  of  vibration 
that  exist,  parti culary  in  contoured  resonators,  rather 
than  by  a  shear  viscosity  effect.  Further  investigations 
are  needed  on  this  point. 

IV  -  GAS  COUPLED  RESONATORS  AS  PRESSURE  TRANSDUCER 

The  model  have  pointed  out  2  important  features  of 
gas  coupled  resonators  : 

-  1)the  linearity  of  the  transmission  -  pressure 
relation 

-  2)  the  absence  of  tesq>erature  effect  due  to  the 
gas  on  response. 

Figure  22  represents  in  linear  coordinate  the  vsu 
response  of  two  composite  flexural  bar*  coupled  by  air; 
we  can  see  that  the  relation  between  attenuation  and 
pressure  is  quasi-  linear  down  to  about  50  smlg  (  then, 
aa  in  figure  16.  the  relation  because  non  linear.  Oaa 
coupled  flexural  diaescan  aleo  ha  uaad  as  pressure 
transducer*  1  the  figure  23  represents  the  VgjF)  rela¬ 
tion  for  sueb  a  transducer.  A  polynomial  least  square 
fitting  of  the  experimental  data  wza  obtained  and  is 


displayed  on  the  figure 


* 


Although  not  strictly  necessary,  the  flat  response 
is  also  an  advantage  for  pressure  transducer  use,  it 
avoids  temperature  effect  due  to  the  resonators  which 
translate  the  curves  in  frequency.  However  the  compo¬ 
site  resonators  can  easily  be  compensated  by  choice  of 
the  alloy  and  heat  treatment,  down  to  a  value  less 
than  1  ppa/°C.  The  main  practical  concern  is  to  obtain 
resonators  with  sufficiently  temperature  independant  Q 
factors  and  to  fix  them  at  an  invariable  distance  ; 
this  can  be  solved  easily  with  a  good  technology.  The 
attracting  features  of  that  type  of  transducer  are  : 


-  the  high  value  of  electrical  signal  obtained 

-  no  need  of  reference  pressure 

-  a  large  pressure  range  (virtually  no  limit  for 
high  pressure,  lower  limit  in  the  order  of  10“* 
torr). 


V  -  CONCLUSION 

It  has  been  shown  that,  at  least  at  low  frequen¬ 
cies,  gas  coupled  mechanical  two  poles  filters  can  be 
obtained  with  good  performances  low  volume  and  low 
cost.  Higher  order  filter  can  also  be  obtained  by  in¬ 
cluding  intermediate  air  coupled  mechanical  resonators 
between  the  two  end  transducers. 

The  dependence  of  filter  caracteristics  on  cons¬ 
titutional  parameters  and  the  specific  feature  of  gas 
coupling  were  obtained  by  modelisation.  The  case  of  gas 
coupled  AT  quartz  needs  to  be  investigated  in  depth. 

The  methodology  used  in  this  paper  can  also  be  applied 
to  study  the  energy  transfer  in  gas  between  a  quartz 
plate  and  its  pressurized  crystal  holder. 

Gas  coupled  resonators  appears  also  to  be  an  inte¬ 
resting  absolute  pressure  transducer. 
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Abstract 


" — The  purpose  of  this  paper  Is  to  present  designs 
and  experimental  test  results  of  double-ended  tuning 
fork  quartz  crystals  vibrating  In  the  fundamental  and 
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overtone  flexure  modes.  These  double-ended  tuning  fork 
quartz  crystals  were  produced  using  photolithographic, 
chemical  etching  and  laser  frequency  adjustment  manu¬ 
facturing  techniques. 


The  motions  of  the  fundamental  and  overtone  flex¬ 
's!  1  ure  inodes  of  a  double-ended  tuning  fork  are  described. 
_  _  Electrode  designs  which  depend  on  the  crystal  vlbra- 
tlonal  mode  are  used  to  optimize  crystal  parameters. 


The  first  order  frequency- force  coefficient  of  a 
double-ended  tuning  fork  quartz  crystal  vibrating  In 
the  fundamental  flexure  mode  Is  higher  than  that  of  the 
crystal  vibrating  In  the  higher  order  flexure  modes. 
Experimental  results  show  the  ratio  of  these  coeffi¬ 
cients  Is  approximately  2.3  and  3.2  respectively  for 
the  ratio  of  the  coefficient  of  the  fundamental  mode  to 
that  of  the  first  and  second  overtone  modes  respective¬ 
ly.  These  ratios  are  smaller  than  the  frequency  ration 
between  the  overtone  modes  and  the  fundamental  mode.  ^ - 


The  frequency  temperature  characteristic  of  the 
double-ended  tuning  fork  quartz  crystal  vibrating  in 
flexure  modes  Is  very  similar  to  that  of  the  single- 
ended  tuning  fork  quartz  crystal.  The  turnover  temper¬ 
ature  of  the  higher  order  flexure  mode  Is  higher  than 
that  of  the  lower  order  flexure  mode. 


The  experimental  results  of  the  crystal  parameters. 
Including  the  motional  resistance,  Q,  the  frequency 
temperature  characteristic,  and  the  frequency- force 
characteristic  of  double-ended  tuning  fork  quartz 
crystals  are  shown  and  discussed. 

Introduction 


A  double-ended  tuning  fork  quartz  crystal  has  been 
known  as  a  force  sensor1 ,!’5,  and  Is  potentially  use¬ 
ful  In  many  sensor  applications,  there  Is  no  published 
detailed  analysis  or  description  of  the  crystal  designs 
and  parameters.  Using  photolithographic  and  chemical 
etching  manufacturing  techniques",  a  better  control  In 
the  precision  of  crystal  geometrical  dimensions  Is  pro¬ 
vided.  These  techniques  also  create  more  flexibility 
for  a  crystal  designer  to  use  more  complex  crystal  geo¬ 
metry  to  optimize  the  double-ended  tuning  fork  quartz 
crystal  parameters. 

The  purpose  of  this  paper  Is  to  present  designs 
and  experimental  test  results  of  a  double-ended  tuning 
fork  quartz  crystal  vibrating  In  the  fundamental  and 
overtone  flexure  modes.  It  will  show  that  this  crystal 
Is  not  only  useful  as  a  force  sensor,  but  also  useful 
in  frequency  control  and  filter  applications. 

In  the  following  sections,  the  motions  of  the  fun¬ 
damental  and  overtone  flexure  modes  of  a  double-ended 
tuning  fork  will  be  described.  Electrode  designs  which 
depend  on  the  crystal  vibrational  mode  are  used  to  op¬ 
timize  crystal  parameters.'  The  first  order  frequency- 
force  constant  relating  to  the  crystal  design  will  be 
shown.  The  experimental  results  of  the  crystal  para¬ 
meters  will  be  presented  and  discussed. 
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Flexure  Motion  of  Double-Ended  Tuning  Fork 


To  analyze  and  obtain  a  complete  analytic  function 
to  describe  the  flexure  motion  of  a  double-ended  tuning 
fork  Is  not  simple.  In  practice,  the  result  of  the  an¬ 
alysis  of  the  flexure  motion  of  a  beam  clamped  on  both 
ends  can  provide  essential  Important  Information  on  the 
motion  of  the  tines  and  the  frequency  of  the  double- 
ended  tuning  fork  for  a  first  approximation. 


Figure  1  shows  a  typical  double-ended  tuning  fork 
structure.  The  relative  displacement  of  the  tine  as  a 
function  of  the  position  along  the  tine  length  direction 
can  approximately  be  described  by  the  following  equa¬ 
tion*: 

XX  XX 
U(X  )»P{(coshm-^- -  cosm-J-)-(s1nhm-^-- slnm-^-)}  (1) 


where  P 


sinhm-slnm 

coshm-cosm 


and  m  Is  a  constant  which  Is  determined  by  the 
equation: 


coshm-cosm  *  1 


(2) 


For  different  flexure  modes,  the  eigenvalue  m  has 
the  following  values: 

flexure  mode  m 

fundamental  4.73 

first  overtone  7.86 
second  overtone  10.99 

Figure  2  shows  the  lateral  displacement  of  U{X  ) 
of  the  fundamental  and  overtone  flexure  modes.  1 

The  frequency  of  the  flexural  motion  Is  approxi¬ 
mately: 

V'-V)*.—  t  (3) 

*here  fm  *  Er/lSpS  T?  {1+Kcm(I)2} 

is  the  frequency  of  the  flexure  motion  without 
external  force, 

am  *  fre<iuency  force  constant 

p  •  mass  density 

S  *  elastic  compliance  constant 

T  -  external  applied  force  on  the  crystal  along 
the  length  direction 

w  ■  tine  width 

t  *  tine  length  from  crotch-to-crotch 
t  -  tine  thickness 


K„  *  a  constant  a 
cm 

When  no  external  force  Is  applied  to  the  double- 
ended  tuning  fork,  end  w/t  Is  very  small,  the  frequency 
ratios  of  the  overtone  flexure  modes,  with  respect  to 


Ml 


the  fundamental  flexure  mode,  are  2.8  and  5.4  respec¬ 
tively  for  first  and  second  overtone  flexure  modes. 


Crystal  Parameters  of  Fundamental 


and  Overtone  Flexu 


Equation  (3)  has  shown  that  the  frequency  of  a 
double-ended  tuning  fork  crystal  can  be  changed  by  the 
external  force  T.  If  we  expand  Equation  (3)  to: 


f  =  T+°m  T*  * — ) 

m  mi  m2 


the  first  order  frequency-force  constant  cl  Is  approxi¬ 
mately4: 


To  demonstrate  the  crystal  parameters  of  fundamen¬ 
tal  and  overtone  flexure  modes  of  a  double-ended  tuning 
fork  quartz  crystal,  the  following  crystal  orientation 
and  dimensions  were  chosen: 

Crystal  orientation:  (ZYw)2° 

Tine  width:  10  mil 
Tine  length:  227  mil 
Thickness:  5  mil 


This  constant  Is  proportional  to  the  square  of  the 
tine  length,  and  Inversely  proportional  to  the  thickness 
and  third  power  of  width.  The  orientation  of  the  quartz 
crystal  will  also  effect  the  cl  through  the  elastic 
compliance  constant,  S;  h  Is approximately  equal  to 
0.0735,  0.036  and  0.022  1  for  fundamental,  first  and 

second  overtone  modes  respectively. 

The  first  order  frequency- force  constant  (a  ) 
for  the  lower  order  flexural  mode  will  be  1 

larger  than  the  higher  order  flexural  mode.  The  ratio 
of  these  constants  Is  approximately  2.0  and  3.34  re¬ 
spectively. 


Electrode  Design 


Electrodes  are  placed  on  the  piezoelectric  reso¬ 
nator  to  obtain  the  maximum  electrical  mechanical  coup¬ 
ling.  In  the  case  of  a  double-ended  tuning  fork  quartz 
crystal  the  electrode  deslgnwill  depend  on  Its  geometry 
and  the  crystal  orientation. 


If  the  quartz  crystal  orientation  Is  (ZYw)9,  the 
tine  length  Is  almost  in  the  y  direction,  width  Is  In 
the  X  direction.  Electrodes  are  arranged  so  that  the 
electric  field,  which  will  contribute  to  the  piezo¬ 
electric  effect.  Is  mainly  from  the  field  In  the  X  di¬ 
rection.  It  can  be  shown  that  the  stress  related  to 
the  pizeoelectrlc  effect  Is  approximately  proportional 
to  the  second  derivative  of  the  lateral  displacement 
U(Y)  of  the  tine  with  respect  to  Y. 


Figure  3  shows  the  relative  stress  as  a  function 
of  the  position  along  the  tine  length  direction  for  the 
fundamental  and  overtone  flexure  modes.  The  nodal 
points  shown  In  the  figure  will  be  the  approximate  lo¬ 
cations  In  a  practical  double-ended  tuning  fork.  The 
actual  locations  will  depend  on  the  detailed  geometry 
of  the  crystal.  However,  the  locations  shown  In  Figure 
3  provide  the  Initial  positions  for  the  design. 


Figure  4  Illustrates  examples  of  the  electrode  de¬ 
signs  of  the  fundamental  and  overtone  flexure  modes  of 
a  double-ended  tuning  fork.  Since  there  is  more  than 
one  reverse,  the  stress  along  the  length  of  the  tine, 
the  electrical  polarity  change  of  the  electrodes  along 
the  tines  Is  necessary.  The  positions  where  the  polar¬ 
ity  of  the  electrodes  change  are  at  the  minimum,  or 
zero  stress  points,  along  the  length  of  the  tines. 


erlmental  Results 


The  electrode  designs  used  for  these  crystals  are 
as  shown  in  Figure  4. 

Table  1  shows  the  list  of  typical  crystal  para¬ 
meters  of  the  crystals. 

The  frequency  ratios  of  the  first  and  second  over¬ 
tone  flexure  modes,  with  respect  to  the  fundamental 
flexure  mode  of  the  crystal ,  are  approximately  2.67  and 
5.13  respectively.  The  values  are  slightly  smaller  than 
the  calculated  values  based  on  simplified  analysis  as 
described  In  the  previous  section. 

The  quality  factor  of  the  crystal  operating  at 
higher  overtone  flexure  mode  Is  higher  than  that  oper¬ 
ating  at  fundamental  mode.  The  quality  factor  of  the 
double-ended  tuning  fork  quartz  crystal  Is  much  lower 
than  that  of  the  single-ended  tuning  fork  operated  In 
flexure  mode  at  the  identical  frequency. 

The  motional  capacitance  of  the  double-ended  tuning 
fork  quartz  crystal  Is  much  higher  than  the  single-ended 
tuning  fork,  since  It  requires  approximately  2.5  times 
more  tine  length  to  obtain  the  same  frequency  as  with 
the  single-ended  tuning  fork. 

The  first  order  frequency  force  constant  of  the 
experimental  value  Is  very  close  to  the  calculated  value 
based  on  Equation  6.  As  predicted  by  the  theoretical 
calculations,  this  constant  for  the  crystal  vibrating 
at  the  fundamental  flexure  mode  Is  higher  than  that  at 
the  higher  overtone  flexure  mode.  However,  the  ratio  of 
the  constant  is  approximately  2.3  and  3.2  respectively. 

The  frequency  temperature  characteristics  of  a 
double-ended  tuning  fork  quartz  crystal  are  very  similar 
to  those  of  the  single-ended  tuning  fork  quartz  crystal* 
operating  at  the  flexure  mode.  The  frequency-tempera¬ 
ture  relation  approximately  follows  a  parabolic  func¬ 
tion.  The  turnover  temperature  of  the  higher  order 
flexure  mode  Is  higher  than  the  lower  order  flexure  mode. 


Effect  of  Crystal  Geometry 


on  the  Frequency-Force  Constant 


As  shown  In  the  previous  section,  the  first  order 
frequency-force  constant  a  of  a  double-ended  tuning 
fork  crystal  Is  approxl-  mately  proportional  to 
^/(w’t),  where  l,  w,  t  are  length,  width  and  thickness 
of  the  crystal  tine  respectively.  The  following  ex¬ 
periments  will  show  this  relation. 


The  double-ended  tuning  fork  quartz  crystals  were 
produced  by  using  photolithographic,  chemical  etching 
manufacturing  techniques.  In  the  following  experiments 
the  crystal  electrode  design  Is  described  In  the  pre¬ 
vious  section.  The  crystal  orientation  Is  (ZYw)9. 

Figure  5  shows  an  example  of  the  double-ended 
tuning  fork  quartz  crystal. 


Figure  6  shows  the  experimental  result  of  the  first 
order  frequency-force  constant,  ai,  as  a  function  of 
the  crystal  thickness.  In  this  experiment  the  tine 
width  and  tine  length  are  10  mil  and  227  mil  respec¬ 
tively.  The  constant,  ot,  decreases  from  223  ppm/ gram 
to  71  ppm/gram  as  the  crystal  thickness  Is  Increased 
from  3  mil  to  10  mil.  The  curve  in  Figure  6  very 
closely  follows  Equation  6. 


249 


The  (*!,  as  a  function  of  the  tine  length,  was  per¬ 
formed  with  Identical  crystal  designs  at  5  nil  thickness. 
As  the  tine  length  Is  changed  from  227  mil  to  88  mil, 

<*i  decreases  from  135  ppm/gram  to  22  ppm/gram  which 
closely  follows  the  square  of  the  length  relation. 

The  ai,  as  a  function  of  the  tine  width,  was  deter¬ 
mined  with  two  different  tine  widths,  5.6  and  8.8  mil. 
The  crystal  tine  length  Is  187  mil  and  the  thickness  is 
5  mil.  The  frequency- force  constants,  ai ,  are  160  ppm/ 
gram  and  500  ppm/gram  for  width  8.8  mil  and  5.6  mil 
respectively.  The  ratio  of  those  two  as's  Is  approxi¬ 
mately  Inversely  proportional  to  the  cube  of  the  width 
ratio. 

The  Effect  of  Crystal  Orientation 

The  first  order  frequency- force  constant  of  a 
double-ended  tuning  fork  quartz  crystal  will  depend  on 
the  crystal  orientation.  Equation  6  shows  the  constant 
Is  linearly  proportional  to  the  elastic  compliance  con¬ 
stants.  The  elastic  compliance  constant  In  the  length 
direction  will  be  changed  when  the  orientation  of  the 
crystal  1s  changed. 

Figure  7  shows  an  example  of  the  experimental  re¬ 
sult  of  the  first  order  frequency- force  constant  as  a 
function  of  the  crystal  orientation  angle  fl,  where  8  is 
the  angle  designated  by  (ZYw)B;  l.e. ,  the  angle  of  ro¬ 
tation  around  the  X-axis  of  the  quartz  crystal.  The 
crystal  thickness,  tine  length,  and  tine  width  are  5, 
227,  and  10  mil  respectively.  All  the  crystals  were 
chemically  etched  in  the  same  process  and  at  the  same 
quartz  etch  time.  There  are  some  variations  In  the 
shape  of  the  crystal  tine  cross-sections  due  to  the 
anisotropic  nature  of  the  quartz,  ai  decreases  as  0 
goes  to  positive  angle,  and  Increases  as  0  goes  to  neg¬ 
ative  angle.  The  overall  change  of  at  Is  more  than  30X 
when  0  changes  from  -20°  to  12«. 

Figure  8  shows  the  crystal  frequency  as  a  function 
of  the  angle  0.  The  frequency  decreases  as  angle  0  Is 
increased  positively.  This  relation  Is  very  close  to 
the  result  of  the  theoretical  calculation. 

Figure  9  shows  the  turning  point  temperature  of 
the  crystal  as  a  function  of  the  crystal  orientation 
angle  0.  This  relation  Is  very  close  to  the  conven¬ 
tional  tuning  fork  quartz  crystal. 

The  Effect  of  Base  Configuration 

The  base  configuration  of  a  double-ended  tuning 
fork  quartz  crystal  will  have  some  effect  on  the  crystal 
parameters  because  of  the  change  of  the  boundary  condi¬ 
tion  between  the  motion  of  the  tines  and  the  coupling 
of  the  base. 

The  following  experiment  was  performed  to  investi¬ 
gate  the  effect  of  the  base  shoulder  width  di  and  d2 
near  the  crystal  crotch  areas.  The  crystal  tine  length, 
tine  width  and  thickness  are  227  mil,  10.2  mil  and  5  mil 
respectively.  The  crotch  width  2dc  Is  5.6  mil. 

Flgurw  10  shows  the  first  order  frequency-force 
constant  as  a  function  of  d(/dc. 

There  are  two  cases:  d|-d*  and  da*0.  Curve  A 
shows  when  di»d*i  Curve  B  shows  dt«0.  When  comparing 
the  value  of  <*>  of  Curve  B  to  that  of  Curve  A,  the  value 
of  at  is  smeller  when  dt«0.  For  both  curves,  A  and  B 
the  constant  of  at  Increases  as  di/d<.  ratio  Is  Increased, 
and  then  reaches  a  maximum  when  di/oc  Is  approximately 
equal  to  one  (1).  As  di/dc  Is  Increased  further,  at 
decreases. 


Experimental  results  show  the  effect  of  the  base 
configuration  on  the  frequency-force  relation.  It  not 
only  effects  ai,  but  also  the  linearity  of  the  fre¬ 
quency-force  relation,  especially  when  the  external 
force  Is  very  small.  The  external  force  will  shift  the 
effective  stress  nodal  line  of  the  flexure  motion  of 
the  crystal  In  the  lateral  direction,  especially  when 
the  base  to  the  tines  configuration  Is  not  syne tr leal . 
The  value  of  ai  tends  to  decrease  and  Is  less  than  the 
calculated  value  based  on  Equation  6  if  d2  or  d*  Is  not 
near  or  equal  to  dc. 

Dynamic  Range  of  Force  Sensor 

The  maximum  frequency  change  under  a  force  THx  of 
a  double-ended  tuning  fork  quartz  crystal  Is  Tmx-  , 
where  Tmx  Is  the  maximum  axial  force  applied  to  the 
crystal.  It  can  be  shown  that  Thx-  a2  Is  proportional 
to  the  square  of  thickness-to-wlatn  ratio. 

Figure  11  illustrates  an  example  of  the  crystal 
frequency  as  a  function  of  the  axial  force  applied  to  a 
crystal.  In  this  example  the  maximum  frequency  shift 
is  approximately  4.4  kHz  when  the  force  Is  760  grams. 

Dynamic  range  will  be  reduced  If  there  Is  a  coup¬ 
ling  between  the  main  flexure  mode  to  the  other  modes7. 
This  coupling  can  decrease  the  Q  of  the  crystal  and 
causes  the  frequency  Instability,  and  sometimes  crystal 
ceases  to  operate. 

Table  2  lists  examples  of  three  different  crystal 
designs  and  their  dynamic  ranges.  The  dynamic  range 
can  easily  be  Increased  If  the  thlckness-to-wldth  ratio 
Is  increased. 

Selection  of  Flexure  Modes 

In  the  previous  section  the  double-ended  tuning 
fork  quartz  crystal  operating  at  the  fundamental  and 
overtone  flexure  modes  was  described.  For  the  force¬ 
sensor  application.  If  sensitivity  Is  the  most  Impor¬ 
tant  factor,  the  fundamental  flexure  mode  is  certainly 
a  choice.  However,  In  certain  cases.  If  higher  Q  and 
higher  frequency  are  required,  then  the  overtone  flex¬ 
ure  modes  provide  an  alternative  choice. 

The  double-ended  tuning  fork  quartz  crystal  may 
provide  an  alternative  design  In  frequency  control  and 
filter  applications  In  frequencies  below  the  NHz  range. 
In  certain  applications.  If  higher  Ci  1$  required,  the 
double-ended  tuning  fork  will  be  better  than  the 
single-ended  tuning  fork*. 

Summary 

In  this  paper  some  design  parameters  and  experi¬ 
mental  results  of  a  double-ended  tuning  fork  quartz 
crystal  have  been  shown.  With  photolithographic, 
chemical  etching  manufacturing  techniques,  one  can  pro¬ 
duce  a  subminiature  double-ended  tuning  fork  quartz 
crystal.  A  frequency- force  constant  greater  than  500 
ppm/gram  can  be  easily  produced  by  a  miniature  double- 
ended  tuning  fork  quartz  crystal,  tilth  this  high  sen¬ 
sitivity,  this  crystal  may  be  very  useful  In  sensor 
applications. 

It  has  also  been  shown  that,  with  the  combination 
of  the  fundamental  and  overtone  flexure  mode  of  a 
double-ended  tuning  fork  quartz  crystal,  this  crystal 
design  can  be  useful  in  the  frequency  control  and  fil¬ 
ter  applications. 
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X  -  CROTCH-TO-CROTCH  LENGTH 

w  •  TIM  WIDTH 


?dc  •  CROTCH  WIDTH 

t  •  THICKNESS 

T  •  EXTERNALLY  APPLIED  FORCE  IN  THE  LENGTH  DIRECTION 

d,  •  CRYSTAL  SHOULDER  WIOTH 

dj  •  CRYSTAL  SHOULDER  WIDTH 

FIGURE  1: 

AN  EXTERNAL  FORCE  APPLIED  TO  A 
DOUBLE-ENDED  TUNING  FORK  CRYSTAL 


FIRST  OVERTONE  MOOE 


FIGURE  3: 

RELATIVE  STRESS  OF  TINE  AS  FUNCTION  OF  THE 
POSITION  OF  TINE  FOR  FUNDAMENTAL  AND  OVER¬ 
TONE  FLEXURE  MOOES.  QUARTZ  CRYSTAL  ORIEN¬ 
TATION  IS  (ZYw)G;  ELECTRICAL  FIELD  IS  IN 
X  DIRECTION. 


FIRST  OVFRTOM  HOOC 


SECOND  OVERTOM  HOOt 


RELATIVE  LATERAL  DISPLACEMENT  OF  THE  CRYSTAL 
TINE  AS  FUNCTION  OF  THE  POSITION  OF  THE  TINE 
FOR  DIFFERENT  FLEXURE  MOOES. 


FIGURE  4: 

ELECTRODE  DESIGN  A  OF  FUNDAMENTAL  AND  OVERTONE 
FLEXURE  MOOES  OF  A  OOUBLE-ENOEO  TUNING  FORK  CRYSTAL. 
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FIGURE  & 

AH  EXAMPLE  OF  THE  DOUBLE-EHOED  TUNING  FORK 
QUART Z  CRYSTAL  MANUFACTURED  BY  USING  PHOTO¬ 
LITHOGRAPHIC.  CHEMICAL  ETCHING  TECHNIQUES 
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FIGURE  6- 

FREQUENCY-FORCE  CONSTANT.  at  ,  AS  FUNCTION 
OF  CRYSTAL  THICKNESS,  t 
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FI8URE  7. 

TIC  FIRST  ORDER  FORCE  FREQUENCY  CONSTANT  « 
AS  A  FUNCTION  OF  CRYSTAL  ORIENTATION 
ANGLE  0 
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FIGURE  9. 

TURNING  POINT  TEMPERATURE  OF  A  DOUBLE-ENDED 
TURING  FORK  QUARTZ  CRYSTAL  AS  A  FUNCTION  OF 
THE  CRYSTAL  ORIENTATION  ANGLE  0 


FIGURE  11. 

FREQUENCY  AS  A  FUNCTION  OF  THE  AXIAL  FORCE 
APPLIED  TO  A  DOUBLE-ENDED  TUNING  FORK 
QUARTZ  CRYSTAL 
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SUMMARY 


now  dev  loo  called  the  double-ended 
fork  has  been  examined  for  practical 
use  as  a  force  transducer.  A  number  of 
problems  unique  to  the  use  of  the  device  are 
treated.  Design  rules,  important 
considerations  for  applications,  and  an 
example  of  typical  performance  are  presented/'^' 


INTRODUCTION 

A  recently  introduced  force  transducer1 
has  been  studied  in  detail  for  practical 
applications.  The  device  Is  a  double-ended 
tuning  fork  wherein  a  longitudinal  force 
causes  frequency  shifts  through  effects 
identical  to  the  tuning  of  the  frequency  of  a 
vibrating  string.  Frequency  changes  can  be 
monitored  and  then  reduced  with  simple 
equations,  thus  making  the  device  an 
inherently  digital,  high  resolution,  low 
power  consumption  force  transducer.  Optimum 
design  involves  frequency  shifts  as  large  as 
10t  of  the  zero-force  frequency.  It  has  been 
found  that  such  large  frequency  shifts  cause 
some  unique  problems. 

Several  spurious  modes  exist  that  can 
result  in  activity  dips  if  the  desired 
frequency  crosses  one  of  the  spurious  mode 
frequencies  as  force  varies.  The  spurious 
modes  have  been  modeled  approximately  and 
confirmed  by  finite  element  calculations. 
Experiments  have  been  performed  to  locate  the 
modes  and  support  the  theories.  The  spurious 
modes  have  force-sensitive  frequencies,  which 
complicates  the  design  of  an  actlvlty-dip- 
free  device.2 


Unequal  loading  of  the  tines  causes  the 
natural  frequencies  of  the  tines  to  separate, 
which  causes  loss  of  Q  and  eventually 
bistable  operation  of  the  device  In  an 
osolllator  circuit.  In  many  cases 
oscillation  ceases,  practical  methods  are 
shown  to  avoid  the  problem. 3 


The  temperature  behavior  of  the  devloes 
la  modified  from  that  of  watoh  tuning  forks 
by  the  thermal  expansion  of  the  meohanioal 
structures  used  to  apply  forces.  Some  design 
considerations  are  included. 


Finally,  a  practical  application  is 
given  where  large  foroes  are  measured  with  a 
compound  lever  system  with  resolution  of 
better  thsn  1/400,000  of  full  scale.3 

MOPE  ANALYSIS 

The  device  is  shown  In  Fig.  1.  It  can 
be  made  by  photolithographic  techniques  much 
In  the  same. way  a  watoh  crystal  Is 
fabricated.'*0  The  ends  are  enlarged  for  two 
reasons t  attachment  stresses  are  reduced  and 


the  length  L  is  well-defined  independent  of 
the  actual  attachment  boundaries.  Several 
modes  exist  near  the  frequency  of  the  desired 
tuning  fork  mode.  These  are  seen  In  Fig.  2 
for  a  typical  device.  Mode  4  Is  the  one 
actually  used  by  virtue  of  the  symmetry  of 
the  electrode  pattern.  The  frequencies  are 
dependent  upon  the  force  F  aligned  along  the 
length  L.  The  solution  of  the  resonant 
frequency  of  a  beam  with  longitudinal  stress 
is  a  transcendental  equation.  9  A 
simplified  polynomial  fit  of  order  i  can  be 
used  for  most  practical  design 
considerations.  If  one  Ignores  the  slot 
for  Mode  1 : 


1.03  (E/P)*5  t 
1.03  (E/P)*5  t 


w2  L2  S 

w2  S 
(  H-« — )  m 
XT 


O  L 


-2 


-2 


(1) 

(2) 


f3  =  1.03  (E/P)*5  w  (US)  m"2  (3) 

f4  =  1.03  (E/P)*5  w  (1+S)  m"2  (4) 


where  E  la  Young's  Modulus,  P  is  mass 
density,  the  dimensions  L,  m,  t,  and  w  are 
shown  in  Fig.  1,  and  S  is  the  force 
sensitivity  relation  for  Mode  4 


0.148  F  m2 

S  =  — . -  (5) 

E  2  t  w  w 


which  is  the  one  used  for  the  force 
measurement. 


Finite  element  analysis  has  been  used  to 
confirm  the  mode  shapes  and  frequencies.  The 
mode  shapes  shown  in  Fig.  2  are  from  the 
finite  element  analysis.  The  frequencies 
from  the  finite  element  analysis  and  Eqa.  1-5 
are  shown  In  Fig.  2  for  F  *  0  and  the 
dimensions  shown  in  Fig.  2.  Note  that  the 
simple  theory  is  adequate  for  design.  There 
Is  a  small  error  In  the  be'bm  oaloulatlon  of 
less  than  6S  for  Mode  3  beoafrM  the  simple 
oaloulatlon  ignores  the  contribution  from  the 
short  distance  between  the  slot  w^ds  and  the 
enlarged  attachment  portions. 

An  experiment  has  been  performed  to 
verify  Fig.  2.  The  details  will  be  published 
later.  Briefly,  the  experiment  uses  a  non- 
contacting  fiber  optlo  displacement  gauge 
called  a  Fotonlo  sensor  (sold  by  the  NTI 
Company)  and  a  dual  channel  Fast  Fourier 
Transform  spectrum  analyser  whose  output 
gives  both  rub  magnitude  and  phase  angle  of 
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the  measured  displacement  relative  to  the 
driving  force  signal.  Devices  of  dimensions 
as  given  in  Fig.  2  were  attached  to  a  simple 
lever  arm  system.  The  lever  arm  system  was 
driven  with  forces  f-om  a  PZT  plezoelectr ic 
drive  system  excited  with  a  white  noise 
source.  The  white  noise  drove  all  modes  of 
the  crystal.  The  displacement  gauge  was 
moved  along  the  f-ont  of  the  device  by  an  xyz 
table  to  Investigate  Modes  1  and  2,  and  along 
the  side  of  the  device  to  investigate  Modes  3 
and  4.  The  1 ever  arm  system  allowed  a  static 
force  to  be  applied  simultaneously  with  the 
white  noise  forces  so  that  the  change  in 
resonant  frequency  with  fo>*ce  could  be 
monitored.  Figure  3  shows  the  results  for 
Modes  1,  3,  and  4.  Mode  2  could  not  be  seen 
because  the  displacement  gauge  was  wider  than 
both  tines  and  the  signals  from  the  out-of- 
phase  motion  cancelled.  Figure  3  also  shows 
a  comparison  of  Eqs.  1-5  with  the 
experimental  data.  The  general  agreement  is 
excellent.  The  differences  are  attributed  to 
w  being  larger  than  designed  due  to  the 
faceting  that  occurs  when  the  devices  are 
etched  from  the  wafer  of  quartz. 


Note  in  Fig.  3  that  the  frequencies 
shift  by  lot  or  more.  The  dimensions  in  Fig. 
2  have  been  selected  carefully  to  avoid  any 
activity  dips  from  Mode  4  crossing  Modes  1  or 
2  as  the  force  increases.  This  may  seem 
trivial  at  first  glance,  but  Modes  1  and  2 
and  their  overtones  cause  severe  design 
constraints,  particularly  if  t  is  much 
smaller  than  w,  which  was  the  case  for  the 
early  designs1  and  is  the  case  for  watch 
crystals  formed  by  chemical  etching.  A 
design  criteria  has  been  established  based  on 
Eqs.  1-5  and  additional-equations  for  the 
overtones  of  Modes  1-2.  It  is  deslreable 
for  f  to  not  equal  any  other  mode  frequency. 
This  dan  be  accomplished  if  the  ratios  L/m 
and  t/w  are  chosen  appropriately.  The 
following  inequalities  must  be  satisfied  for 
the  entire  range  of  F  ( S)  to  be  used. 


w  L  (  1  ♦  S  ) 

Vf  1  = 2- . ?-  i  1  (6) 

4  1  tm*[  1  +  S(Lw/mt)*] 


w  (  1  ♦  S  ) 

fu/f, . 5  *  1 

M  2  t  [  1  ♦  S  (  W  /  t  )£  ] 


(7) 


Additional  inequalities  arise  for  the 
overtones.  For  instance,  the  numerator  of 
Inequality  6  should  be  multiplied  by  0.363  to 
avoid  f „  a  the  next  overtone  of  f.. 

4  1 

Additional  inequalities  arise  also 
because  it  is  undealreable  to  have  2  f  *  *  f , , 
etc.  The  complete  set  of  lnequalltles4can  Be 
found  elsewhere. 


The  inequalities  must  be  evaluated  for 
the  range  of  f  (S,  force  sensitivity)  to  be 
used.  This  has  been  done  for  the  design  of 
the  device  of  Fig.  2  where  3La  a  0*1  and 
3  .  a  -0.1  (in  other  words,  ■  10*  frequency 
snirt)  were  chosen  for  3.4  x  10°  dyne/om* 


longitudinal  stress  in  eaoh  tine  in  both 
tension  and  compression.  Figure  4  shows  the 
regions  of  L/m  snd  t/w  allowed  when  the 


complete  set  of  inequalities  is  used.  Note 
that  the  device  of  Fig.  2  with  L/m  of  1 . 1 8 
and  t/w  of  0.8  is  in  the  middle  of  one  of  the 
largest  allowed  regions  of  Fig.  4. 


UNEQUAL  LOADING 

Another  problem  arose  in  using  the 
devices  for  force  measurements.  Each  tine 
acts  like  its  own  force  sensor,  so  if  the 
force  is  not  distributed  equally  between  the 
two  tines,  the  Individual  tine  frequencies 
diverge  and  the  mode  coupling  that  makes  Mode 
4  possible  ceases.  This  is  a  severe  effect 
when  one  designs  the  devices  for  large  S. 
Figure  5  shows  how  one  might  Intentionally 
load  the  tines  unequally.  This  configuration 
was  used  to  evaluate  the  Importance  of  the 
effect.  Figure  6  shows  what  happens  when 
there  is  a  1.8  or  3.6  t  difference  in  the 
loading  on  the  two  tines.  Note  in  Fig.  6 
that  there  is  a  degeneracy  that  occurs  when 
the  two  tines  are  no  longer  mode-locked 
together.  Also  note  that  the  resistance  at 
resonance  degrades  at  forces  below  those 
causing  the  degeneracy.  Clearly,  if  this 
circumstance  were  allowed  to  occur  in 
practice,  the  device  would  have  linearity 
problems  at  lower  forces  and  stability 
problems  at  larger  forces. 

Figure  5  shows  a  practical  configuration 
where  the  forces  on  the  tines  are  equal 
enough  to  maintain  mode-locking  for  the  tines 
so  that  Mode  4  can  be  used  to  measure  force. 
This  configuration  has  proven  useful  if  the 
flexure  is  integrally  machined  with  the  lever 
arm  to  form  an  integral  suspension  system. 

TEMPERATURE  BEHAVIOR 

The  frequency  of  Mode  4  of  the  double- 
ended  tuning  fork  behaves  with  temperature 
quite  similarity  to  the  single-ended  tuning 
fork  used  in  the  watch  industry  if  there  is 
no  force  on  the  device.  Thus,  the  usual 
crystallographic  orientations  can  be  used  to 
obtain  a  parabolic  f  vs.  T  behavior  with 
turnovers  near  room  temperature.  However,  as 
one  can  imagine  from  Fig.  5,  if  the  metal 
used  for  the  lever  arm  and  flexure  has  a 
different  thermal  expansion  than  quartz, 
there  is  a  temperature-dependent  foroe  acting 
on  the  device.  In  the  case  of  Fig.  5,  the 
force  depends  upon  the  torsional  spring 
constant  of  the  flexure,  the  difference  in 
thermal  expansion,  the  length  of  the  free 
quartz,  and  the  lever  arm  length.  In 
addition,  any  mechanical  structure  attaahed 
to  the  input  side  of  Fig.  5  must  be 
considered.  Most  structures  are  too 
complicated  to  represent  here  by  one 
equation.  -Some  useful  relations  can  be  found 
elsewhere.  A  useful  guideline4  is  that  when 
a  1  ppm/  C  change  in  frequency  due  to  a 
temperature-dependent  foroe  from  the 
structure  is  superimposed  upon  the  Inherent 
parabolio  behavior,  the  turnaround  „ 

temperature  shifts  by  12  °C.  The  shift  oan 
be  up  or  down  depending  upon  the  net  effeot 
of  the  entire  structure  used  to  apply  the 
force. 
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APPLICATION 


CONCLUSIONS 


The  device  of  Fig.  2  has  been  used  for 
measuring  focce  in  a  space  program 
application.  The  reader  is  referred  to 
reference  5  for  details.  The  application 
Involves  measuring  the  force  applied  to  a 
magnetic  plate  (rotor}  by  an  electromagnet. 
The  force  is  used  to  point  an  optical 
experiment.  The  force  measurement  from  the 
double-ended  tuning  fork  is  used  in  a  feed¬ 
back  loop  to  correct  for  hysterisis  and 
thermal  effects  in  the  magnet  permeability. 
The  maximum  force  to  be  measured  is  40  N. 

The  device  of  Fig.  2  can  handle  3  N  with  a  3X 
safety  factor.  A  lever  system  was  designed 
to  reduoe  the  force  from  the  rotor  to  a  size 
compatible  with  the  double-ended  tuning  fork. 
Figure  7  shows  the  lever  system.  It  is  a 
compound  lever  system  isolated  f-om  the 
environment  by  a  pair  of  opposing  bellows. 

The  crystal  can  therefore  be  in  a  vacuum 
while  the  force  is  applied  with  a  pushrod 
through  one  of  the  bellows,  as  seen  in  Fig. 

7.  A  simple  CMOS  oscillator  circuit  drives 
the  crystal  in  Mode  4.  The  output  of  the 
oscillator  circuit  provides  a  measure  of  the 
frequency  of  Mode  4  of  the  device.  Force 
measurement  is  accomplished  by  measuring  the 
period  of  the  oscillator  output  and  using  a 
polynominal  expansion  of  the  transcedental 
equation  relating  force  and  frequency.  The 
following  relation  is  adequate  for  most 
applications : 

F  =  A  (  1  -  f/fQ  )  -  B  (  1  -  f/f0  )2  (8) 

where  A  and  B  are  constants  and  f  is  the 
frequency  measured  with  no  force  applied. 

The  performance  of  the  double-ended 
tuning  fork  is  impressive.  Figure  8  shows  the 
resolution  obtained  with  the  lever  system  of 
Fig.  7.  Resolution  is  defined  here  as  the 
standard  deviation  of  10  consecutive  period 
measurements  using  a  1  second  gate.  Note 
that  the  resolution  is  better  than  1/400,000 
of  the  full  scale  force  of  40  N.  This  type 
of  resolution  is  typically  obtained  if  the 
mechanical  structure  is  properly  designed  and 
the  force  is  applied  equally  enough  to  the 
tines  to  maintain  a  stable  crystal-oontrolled 
oscillation.  Any  one  familiar  with  force 
measurement  technology  should  appreciate  that 
the  results  in  Fig.  8  are  at  least  an  order 
of  magnitude  better  than  most  other  force 
measurement  techniques. 

The  linearity  of  the  results  is  shown  in 
Fig.  9  for  bi-directional  force  measurements. 
It  is  shown  as  the  residual  vs.  actual  force 
applied  after  Eq.  6  is  used  to  reduoe 
frequency  shift  data  to  foroe.  The  small 
residual  seen  in  Fig.  9  is  primarily  due  to 
the  difficulty  in  applying  the  forces 
perfeotly  opposite  one  another  when  going 
from  tension  to  compression  in  the  crystal. 
Once  agaiq,  the  results  are  impressive  when 
compared  to  other  foroe  meesurement 
techniques. 


A  number  of  technical  considerations 
have  been  presented  for  the  design  and 
application  of  a  new  force  transducer  called 
the  double-ended  tuning  fork.  A  number  of 
stumbling  blocks  in  the  use  of  the  device 
have  been  pointed  out  and  ways  around  them 
have  been  presented.  The  device  proves  to  be 
a  low  cost,  high  performance  force  sensor. 

It  has  been  successfully  used  for  a  critical 
force  measurement  in  a  pointing  system 
application  for  space  experiments.  The 
results  prove  the  viability  of  the  double- 
ended  tuning  fork  as  a  practical  device  if 
proper  device  design  and  careful  application 
of  engineering  principles  are  used. 
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Figure  1,  Double-Ended  Tuning  Fork  configuration. 
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Figure  2.  First  four  resonant  modes  of 
the  Double-Ended  Tuning  Fork.  L-1.0  cm. 
m-0. 83  cm,  t-1.8  x  10-a  cm,  e-2.3  x  10-4 
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Figure  3.  Frequency  of  Modes  1,  3,  and  4 
vs.  force.  Experiment  and  theory. 


Figure  7.  Compound  Lever  System  for  applying  force  to 
the  Double-Ended  Tuning  Fcjk. 


Figure  8.  Measured  Force  Resolution  of  Crystal 
Assembly. 


0.5 


_  0.25 

I 

O 

8  o 


£ 

8 


-0.25 


-0,5 


-AO 


~T 


-20 


-10  0  u 

Fodci  ran  Km*  (K) 


Figure  0.  Measured  Deviation  froa  linear  after 
Data  Reduction  with  Equation  8. 
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CHEMICALLY  POLISHED 
HIGH  FREQUENCY 


TIurT 


by  WAamP.  Hanson 
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~j  The  upper  frequency  Imit  of  quartz  resonators*  deter¬ 
mined  by  the  physical  properties  erf  quartz  and  restrictions 
imposed  by  processing  techniques.  More  often  than  not, 
the  processing  fmitstione  are  reached  long  before  the 
physical  limitations.  Mechanical  pofiahing  has  been  used 
successful  for  many  years.  The  frequency  limits  deter¬ 
mined  by  the  mechanical  patching  process  have  restricted 
the  use  of  quartz  resonators  to  frequencies  lees  than  250 
MHz.  Chemical  poishing  is  an  etching  process  which  re¬ 
moves  quartz  from  a  blank  in  e  wal  defined  manner.  The 
upper  frequency  imit  of  chamicaly  pofahed  resonators  is 
much  higher  than  mechantcaly  polished  resonators. 
Chamicaly  poiahed  ‘SC'  resonators  have  surface  topog¬ 
raphies  simlar  to  highly  potahed  resonators  manufactured 
by  conventional  means.  Currently,  chamicaly  potehed  'SC' 
resonators  can  operate  ip  to  the  seventh  overtone, 
higher  overtones  may  be  achievable  when  a  better  quaity 
quartz  ie  used  as  a  soiree  material.  Frequencies  in  the 
GHz  range  are  thus  manufacturable  uaing  chemical  pcfoh- 
ing.^- - 

Etching  has  bean  uaad  in  the  manufacturing  of  resona¬ 
tors  for  many  years.  Rough  out  blanks  are  regularly 
etched  to  check  ter  twinning,  +X  end -X  surfaces  can  be 
dffarentieted  by  daap  etching  in  Ammonium  Bfluorids. 
ramay  oocauoe  or  tneaa  tews,  tne  etenng  prooaoa  ■ 
aaeociated  with  the  degradation  of  quartz  surfaces. 
Quamiaaneniaotropicaold:  the  phyaicalpropertiaa  very 
with  (fraction.  Gonoaquantiy  the  etching  rate  veriee  with 
(fraction.  Thera  are  many  UWarerA  typaa  of  raaonatore, 
or.  B T,  ‘AT.  GT.  W,  TT.  *SC*;  to  name  a  few.  Each 
typalaoutfromadWarentcryetaPwohantatioivThaaur- 
faoa  of  a  maohanfcafy  poiahed  'AT  blank  turns  frosty 
whan  atchad  in  Ammarium  BMuohde.  The  quelty  of  the 
etched  surface  is  affected  by  many  parameters:  the 
chamicati  uaad  to  make  the  solution,  the  temperature  of 
the  solution,  the  impurities  In  ths  solution,  and  the  out. 
Solutions  developed  by  Or.  John  Mg  at  ERADCOM  etch 
au  riionKQrv  wm*%  ranra  OB^woon  or  tnt  buptbcs 
(Sea  figure  1].  Thaaa  are  the  sdutiona  uaad  in  the  manu¬ 
facture  of  high  frequancy  ‘SC'raaonatdni.  Amachanioaly 
pamnma  x  rotonacor  ■ccrwanGa.i  tounhorArnmo* 
nfcan  Ruorkte  and  HF  at  7SctigraaaCwtatil  have  a  highly 
poiahed  surface  after  daap  etching. 


■mmiv  or  wfovniiiSV  tninoniviy 

The  Mowing  tat  dsaerfess  aome  of  the  banafita  chemi- 
oal  poltning  has  over  mechanic  By  poiahed  resonators. 


This  ie  only  apartiaHataaaamblBd  from  one  year  of  emarf- 
ence  manufactiring  high  fraquanoy  *8C'  raaonatore. 


1.  HGHER  FREQUENCES  can  be  manufactured  uaing 
chemical  polahing  rather  than  mechanical  poitfiing.  Fre¬ 
quencies  up  to  400  MHz  on  the  findemantal  are  bang 
made.  The  reaperae  of  a  371  MHz  fundamental  r aaona- 
tor  is  printed  in  figure  7.  The  frecpjency  bribe  of  this  new 
technology  have  not  bean  reached. 


8.  Chamicaly  pdhhad  raaonatore  are  MECHAMCAU.Y 
STR0NGB1  than  maohanicalypQtahadreaanators  by  sev¬ 
eral  orders  of  matplude  (See  Figure  1].  Unplatad  resona¬ 
tors  up  to  400  MHz  on  the  fmdsmentai  mods  are  han¬ 
ded  w*h  lees  than  8%  breakage. 

3.  COMPLEX  QEOMETRES  may  be  produced  by  atieo- 
tiwlymeaking  tha  quartz  blank.  Maaeewdringa  are  regu¬ 
larly  atchad  out  of  the  quartz.  Quartz  bridges  and  <mw- 
pbd  multiple  raaonatore  have  bean  made  to  check 


4.  HGHER  QUALITY  blanks  are  sorted  out  diving  the 
first  etching.  Barks  which  have  rrwjor  httioe  defects  oan 
be  rejected.  Brinks  wAh  etch  pita,  atch  tumale.  and  twin- 
rung  are  awo  latattau  after  nret  etching. 

Figure  1  ia  a  graph  of  the  fraquandaa  manufactured  by 
chemical  and  machwiori  petering.  Mechanical  poiahed 
fundamental  resonators  are  eiriribri  rougHyfrom  3  KHz 
to  35  MHz.  Convaaly.  dwrrioHy  porihad  fcndamantal 
resonators  ara  available  from  around  1  MHz  to 
400  MHz.  extorting  the  avofaUa  frequency  range  for 
fundamentals  tan  fold.  Third  overtone  machanioaly  pal- 
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arM  resonators  ere  avaeoe  from  o  Mrs  co  ijd  wiu 
Third  overtone  chemicsty  pofehed  reeonetore  ere  Ml 
able  from  5  MHz  to  1 .1  GHz,  en  extension  of  eight  Md. 
The  extension  of  the  frequency  ranges  has  not  bean  com¬ 
pleted.  Mechencaly  potehed  reeonators  have  wel  defined 
manufacturing  imitations.  The  manufacturing  imitations 
of  chemicai  poiehing  are  just  now  being  tested. 

CftMmical  Solutions  Usod 
in  tho  Monuffacturs 
of  Hipk  Froquonoy 

Many  etchsig  solutions  have  been  tried  for  SC  resona¬ 
tors.  Dr.  Mg  has  publehed  several  articles  on  solutions  for 
chemical  pcitahing  (See  Figure  2).  The  5:1  solution  is  a 
mixture  of  40%  Anrnonvn  Fluoride  to  49%  HF.  Mg's  5:1 
chambti  solution  polehea  SC  blanks  quite  wal  at  75  de¬ 
grees  C.  Chemicaly  pdtahad  SC  resonstora  haws  bean 
manufactured  14]  to  400  MHz  on  the  fundamental  mode 
using  the  5:1  solution.  Mg  a  10:1  solution  chemicaly  pof- 
iehaa  aft^aly  better  than  the  5:1  solution,  but  is  much 


Stoma  otter  ifteesttig  Xbrmaticn  is  printed  with  the 
etching  rate  on  the  computer  printout.  The  groining  infor- 
metton  et  the  bottom  of  the  figure  ieueed  to  tighten  the 
frequency  spread  of  the  blanks.  The  time  each  blank  is  to 
ha  plsoad  in  the  etching  solution  to  ordered  from  longest  to 
shoresef.Utiangedgital  watch  to  keep  track  of  alapeed 
time  and  by  placing  the  blanks  in  the  solution  at  the  etopeed 
time  calculated,  the  groi*)  of  cryatais  wi  theorsbcafty 
reach  the  target  frequency  at  the  same  time.  Using  this 
technique  blanke  can  be  groped  in  frequency  to  within  .01 
“F-equared"  eaaiy;  tighter  grouping  is  possible  with  preo- 
tice. 

F-equered  calculations  in  the  program  are  beoed  on  the 
fofcjwrg  three  equatione.  where  N  is  ^squared. 

N.  1000  x  (F,  -  FJ 
F,  x  f, 


1000  x  F, 
1000  -  N  x  F, 


‘F-equered’,  a  frequency  cafcaJetion,  is  a  convenient 
nwoo  or  cbmjbmtu  tne  occnng  rocs  tree  %  •  oracoy 
proportion*  tt>  the  thlclmese  removed  in  the  prooeee  and 
Independent  of  the  thlckneee  [froquery].  The  etching  rate 
is  determined  hy  stchfeig  several  crystals  for  a  pre¬ 
determined  amort  of  time  and  using  the  change  in  btark 
framancv  to  cakaiate  the  etchino  rate.  Fours  2  ttowe 
the  printout  from  a  computer  program  uead  to  oataJeta 
the  etching  rota  from  a  group  of  aryataiB.  The  cttoiatad 
etching  rata  is  an  sesrsgs  etching  rata  tor  the  group. 
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Figure  3  is  a  drawing  of  a  100  MHz 


•SC’ 


1  ere  noticed  immedtatsly.  A  atisoninQ  ring 
quartz  is  at  the  edge  of  tharaaanasar-  The  ring  thjttanaae 
to  dNarminad  by  the  thtoknaaa  of  the  original  machankaly 
tapped  raaonator.  The  oantral  mass  dafmliaa  tt»  fre¬ 
quency  of  tharaaonator,  and  the  membrane  awrvae  as  an 
atoctriotalnktothering.  The  supporting  ring  must  be  ttftck 
enough  to  use  aa  a  mounting  1 


quartz  •  «Ssf*d  mum/,  the  poaofcftty  of  etch  defects  de- 
grating  the  resonator  is  aiyillcandyintreaBad.  If  a  blank  is 
too  thin  ft  wd  band  undar  tha  tightest  ntraoa.  Momting 


Figuras  4  though  10  are  adactions  of  data  on  tha  hqh 
fraquancy  raaonatora  manufacbrad  by  chamical  poiahing. 
Tha  rtaaigna  uoad  are  aMftr  to  the  design  for  tha 
100  MHz  fundamental  *80*  resonator  deserted  above. 
The  data  choaan  atypical  data,  with  the  exception  of  tha 
371  MHz  fundamental  'SC'.  Ming  into  consideration 
that  few  have  bean  manufactured,  the  typical  values  are 
not  known.  Same  of  the  parameters  of  the  ttyor  fra* 
quency  reaonatora  are  unknown  and  are  marked  UN¬ 
KNOWN.  This  is  due  to  the  fmfts  of  avaiablB  measuring 
equipment. 


Difficult!—  with  Chwwiol  Polishing 

The  Mowing  1st  of  cffficultiaa  with  chemical  poiahing 
has  been  accumulated  from  a  year  of  aqarimants.  Soma 
of  tha  dfficultiaB  in  chemical  poiahing  are  under  control, 
but  need  constant  attention. 

1.  Etched  surfaces  do  not  always  keep  their  original  SUR¬ 
FACE  HNtSH.  AT  and  ’0T‘  cut  surface  finishes  degrade 
ready  'SC‘  cut  resonators  keep  their  anginal  surface  fin* 
iah  with  minimal  dagradbig  during  etching. '9C‘ raaonatora 
etched  30  F-equarad  stft  hove  a  poiehed  surface.  In  con- 
traat,  'AT*  reaonatora  etched  only  3  F-equarad  no  longer 
have  a  poiahed  surface;  rather,  their  surface  is  more  Its  a 


3.  Etching  to  a  8PEQFIC  FREQUENCY  ia  a  tedkiua  pro¬ 
cess.  Tha  etching  rata  must  be  measured  precisely  Each 
blank's  frequency  must  be  meaeuad  and  the  temperature 
of  the  etching  aolutian  must  be  maintained.  The  more  a 
group  of  blanks  is  etched  the  greater  the  fraquancy 
aproad  becomes.  If  a  tight  grouping  ie  necessary,  than  tha 
crystals  must  be  etched  by  tiffarant  amounts. 

3.  MWmizhg  tha  concentration  of  ETCH  DEFECTS  is  a 
prims  concern.  Only  natural  and  swept  premium  Q  cul¬ 
tured  quartz  are  satisfactory  for  dsap  etching,  high  con- 
cantrationa  of  etch  tunnels  and  etch  pita  exclude  unewapt 
cultured  quartz  from  being  uaad  for  deep  etching.  Un- 
swept  natural  quartz  ia  mlnimaly  acceptable.  Nearly  50% 
of  the  natural  quartz  is  refected  for  gross  Isttius  defecte, 
etch  pita,  or  etch  hmrte 

4.  SURFACE  HREBUUWmEB  on  the  talar*  are  props* 
gated  throughout  the  etrhlng  process.  These  are  not  etch 
defbcta,  but  rather  scratchse,  ohipo.  or  nonpar  afterne. 
NMrfrpartetbhrfcs  hove  to  be  uMdae  a  source  mate¬ 
rial. 

5.  SAFETY  ia  a  prime  ooncam  whan  working  with  HF.  Hy¬ 
drofluoric  add  has  a  stable  vapor  praaaura  and  la  oonaid- 
arad  a  faulllad  gas  undr  praaaura.  Rretaodva  dotting, 
fume  hoods,  and  free  maafca  are  mandatory 
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1.  Chemicety  pdshsd  blankt  upto  400  MHz  on  the 
fuvtamsntaf  ere  menutacturebte. 

2.  Etching  to  frequency  is  e  oontrotafalB  process. 

3.  Chamfcsly  pdshed  nssonstors  operate  up  to  Che 
7th  martens. 

4.  Frequencies  ip  to  1 .2  QHz  era  menufaoturoMs. 
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FURTHER  STUDIES  ON  THE  ACCELERATION  SENSITIVITY  OF 
QUARTZ  RESONATORS 
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Abstract 


Resonator  Configurations 


-—^Further  studies  on  the  acceleration 
sensitivity  of  quartz  resonators  have  been 
performed.  These  studies  have  Included 

conventional  AT,  strip  AT,  6T,  IT,  AK,  and  SC-cut 
resonators.  No  significant  differences  have  been 
found  In  the  best  achievable  acceleration 
sensitivities  of  the  various  cuts. 

The  dependence  of  the  acceleration  sensitivity 
of  4-polnt  mounted  SC-cut  resonators  on  design 
parameters  and  operating  conditions  has  been 
Investigated.  These  parameters  Include  blank 
geometry,  angle  of  cut,  mounting  orientation, 
temperature,  drive  current,  and  overtone.  No 
significant  systematic  variation  of  acceleration 
sensitivity  has  been  found  as  a  function  of  any  of 
these  parameters  except  overtone  for  the  same 
resonator.  — 

The  advantages  of  4-polnt  mounting  over  3- 
polnt  mounting  of  SC-cut  resonators  have  been 
demonstrated.  The  advantages  have  been  shown  to  be 
a  lower  total  acceleration  sensitivity  for  24am 
diameter  blanks,  and  2)  more  consistent 
manufacturing  yields  of  low  acceleration 
sensitivity  resonators. 

Key  Words: 

Quartz,  quartz  crystal,  quartz  resonator, 
quartz  oscillator,  SC-cut,  AT-cut,  AK-cut,  IT-cut, 
GT-cut,  acceleration,  acceleration  sensitivity, 
vibration,  frequency  control. 

Introduction 


The  high  degree  of  spectral  purity  required  by 
some  modern  communication,  navigation,  and  radar 
systems  and  the  Immunity  to  acceleration  induced 
frequency  offsets  required  by  some  precision  timing 
applications  require  the  development  of  resonator 
designs  with  lower  acceleration  sensitivities  than 
are  presently  available.  As  part  of  a  development 
program  on  high  precision  ceramic  flatpack  enclosed 
quartz  crystal  resonators,  both  SC-cut  and  AT-cut, 
the  effects  of  blank  geometry  on  various  resonator 
performance  parameters  have  been  Investigated. 
These  effects,  particularly  those  Influencing  AT- 
cut  acceleration  sensitivity,  have  been  reported 
previously1.  In  this  paper,  these  investigations 
•re  expanded  to  tnclude  the  effect  of  other  design 
parameters  on  the  acceleration  sensitivity  of  Sc¬ 
outs.  In  addition,  several  other  cuts  of  quartz 
and  enclosure  types  have  been  studied. 


The  majority  of  experiments  were  performed  on 
SC-cut  resonators  enclosed  In  ceramic  flatpacks. 
The  details  of  the  fabrication  of  such  resonators 
have  been  reported  previously2-9.  The  resonator 
blanks  have  a  14mm  diameter  and  were  bonded  to 
four  1.5a*  wide  molybdenum  ribbon  "L"  clips  with 
silver  filled  polyimlde  adhesive.  The  clips  were 
spaced  90s  apart  on  the  perimeter  of  the  blank, 
two  on  the  xx'  axis  and  two  on  the  zz*  axis. 

Other  configurations  tested  Included  3-polnt 
mounted  AK-cut  and  SC-cut  resonators  enclosed  in 
"C“  holders,  4-polnt  mounted  IT-cut  resonators  In 
ceramic  flatpacks,  and  miniaturized  GT-cut 
resonators. 


Acceleration  Sensitivity  Weasuremcnt  System 

Two  methods  of  testing  the  acceleration 
sensitivity  were  employed.  These  were  sinusoidal 
vibration  on  a  shake  table  and  the  ”2-G  tipover" 
test.  The  results  of  these  two  tests  on  any  given 
resonator  typically  correlate  to  better  then 
lxlO-IO/g. 

For  the  sinusoidal  vibration  tests,  the 
resonators  were  connected  to  appropriate  oscillator 
clcults  and  the  acceleration  sensitivity  was 
determined  by  examining  the  response  of  the 
oscillators  to  the  vibration.  This  technique 
minimized  the  temperature  stability  required  and 
allowed  a  search  for  mechanical  resonances  In  the 
resonator  mounting  structure.  The  oscillators  were 
potted  In  beeswax  to  minimize  the  relative  motions 
of  oscillator  components.  The  relative  powers  of 
the  vibration  Induced  frequency  modulation 
sidebands  were  measured.  The  relative  magnitude  of 
the  power  In  the  first  sideband  to  the  powor  in  the 
carrier  Is  denoted  by  ,  gfils  related  to  the 
acceleration  sensitivity, |^|  ,  of  the  resonator  by 


T  “  JlL  •  M*/2°  »> 


fv  -  vibration  frequency  In  jK* 

F0  -  resonator  operating  frequency  In  Hz 
a  •  acceleration  level  In  g's 

■  si debend/carr ler  retie  in  decibels 


The  value  of  was  determined  for  several 
vibration  frequencies  In  order  to  be  cartel*  that 
no  eecbantapl  resonances  were  |reeeRt  *•  tbe 
oscillator  or  resonator, 


Mi'  .«#!>, v 
S  -(V  i  -J 

•1  uih  .sign*  vansrtOHo-. 


"U J.  Qovemmtnt  work  not 


For  the  ‘2-€  tlpover*  tut,  pm  resonators 
were  set  to  turnover  in  appropriate  precision 
ovenlzed  oscillators.  The  acceleration 
sonsltlvltlos  woro  determined  by  measuring  the 
fractional  frequency  deviations  coresponding  to 
known  changes  in  orientation  with  respect  to  the 
earth's  gravitational  field.  The  resonators  ware 
first  rotated  about  an  axis  nonaal  to  the  plane  of 
the  crystal  plate  to  date  mine  the  radial  cowponent 
of  the  acceleration  sensitivity.  The  resonators 
were  then  rotated  180*  about  the  zz'  axis  to 
date  mine  th*  nonaal  cowponent  of  acceleration 
sensitivity.  As  a  self  check,  the  response  of  the 
oscillator  to  a  complete  rotation  about  zz'  was 
then  predicted  from  the  weasured  components,  and 
verified  by  performing  the  rotation. 

Results 

For  4-polnt  mounted  SC-eut  crystals  In  ceramic 
flat pack  enclosures,  the  Influence  of  several 
design  parameters  and  operating  conditions  on 
acceleration  sensitivity  has  been  determined.  The 
resonator  designs  tested  were  5  NHz  fundamental 
mode,  5  NHz  3rd  overtone,  and  10  NHz  3rd  overtone 
SC-cuts.  The  design  parameters  examined  were  blank 
contour,  blank  thickness,  angle  of  cut,  and 
mounting  orientation.  The  operating  conditions 
examined  were  temperature,  drive  level,  and 
overtone.  The  direction  of  maximum  sensitivity  to 
In-plane  acceleration  has  been  determined  for  units 
tested  by  the  "2-6  tlpover*  method. 

Acceleration  Sensitivity  vs.  Contour 

It  has  previously  been  reported  that  the 
acceleration  sensitivity  of  AT-cut  quartz 
resonators  depends  strongly  on  blank  contour1. 
Similar  measurements  have  now  been  made  on  SC-cut 
resonators.  The  results  are  shown  in  figures  1- 
3.  Over  the  range  of  contours  from  O.S  diopter  to 
5.0  diopter,  no  systematic  variation  of 
acceleration  sensitivity  has  been  observed. 
Although  not  noted  In  the  figures,  the  data 
Includes  some  blanks  which  have  the  posltlve-on- 
compresslon  side  contoured,  some  blanks  which  have 
the  negatlve-on-compresslon  side  contoured,  and 
some  blanks  which  are  biconvex.  These  different 
geometries  do  not  appear  to  affect  the  acceleration 
sensitivity. 


Figure  4  presents  the  acceleration 
sensitivities  of  the  SC.-cut  resonators  testad  as  a 
function  of  blank  thickness.  There  appears  to  be  a 
slight  trend  toward  lower  achievable  acceleration 
sensitivities  by  using  thinner  blanks.  Recently 
however,  tests  nave  been  made  on  63.8  MHz  and  100 
NHz  resonators  of  much  smaller  blank  diameter.  No 
improvements  In  the  acceleration  sensitivity  were 
observed  with  these  units.  It  is  therefore 
possible  that  this  potential  Influence  on  the 
acceleration  ttoitlttvIW  may  be  related  to  the 
diameter  to-thlcknest  ratio. 


■  X*«t  resonators  for  1C*>  applications 
require  Mi  woe  of  tirger  valen  at  W  tim  even 
controlled  oecl Hater  application*®.  Ftfdfn  M 
show  the .  acceleration  sensitivity  as  a  function 
#f  W  •  Omar  the  range  «f  up  te  10  minutes  from  the 
refaremco  angle,  the  acceleration  sensitivity  of 


does  not  appear  to  ha  affected  by 


n  iVLTMimJjTitiiEr  mtuniiiiir: 


It  has  been  reported  that  the  magnitude  of  the 
acceleration  sensitivity  of  4-polnt  mounted  SC-cut 
crystals  should  bo  Influenced  by  the  location  of 
the  mounting  points11.  Resonators  have  been 
fabricated  with  the  mounting  orientation,  V  , 
varying  from  0°  to  45°.  No  large  variation  In  the 
best  aehicveable  acceleration  sensitivity  Is 
observed  with  mounting  orientation,  as  seen  In 
figures  8-10.  It  appears  that  an  unknown  factor 
may  be  masking  the  predicted  sensitivity  to 
mounting  orientation. 

Acceleration  Sensitivity  vs.  Overtone 


The  acceleration  sensitivities  of  several 
resonators  have  been  measured  using  overtones  of 
the  same  resonator.  The  results  are  presented  in 
figure  11.  It  Is  seen  that  for  9  of  10  resonators 
tested,  the  acceleration  sensitivity  was  improved 
by  using  the  higher  overtones  of  the  same  crystal. 

Acceleration  Sensitivity  vs.  Orlvc  level; 

The  testing  of  various  overtones  of  the  same 
crystal  required  operation  of  the  crystal s  In 
oscillators  of  different  frequencies.  To  eliminate 
the  possibility  that  th*  observed  changes  with 
overtone  were  due  to  changes  In  the  drive-level 
from  oscillator  to  oscillator,  a  "2-fi  tlpover"  test 
was  performed  repeatedly  using  an  ovenlzed 
oscillator  with  externally  adjustable  crystal  drive 
current  capability.  For  a  0.4  mA  to  2.0  mA  range 
of  crystal  drive  current  (which  exceeds  the  range 
of  oscillator  drive  current  normally  used),  no 
variation  In  the  acceleration  sensitivity  was 
observed. 


Acceleration  Sensitivity  vs. 


arature 


The  oscillators  used  In  vibration  testing  ware 
not  ovenlzed.  As  the  vibration  apparatus  heated  up 
during  use,  the  taameratures  of  th*  test 
oscillators  wore  measured  as  varying  between  20*  C 
and  60*  C.  No  variation  In  acceleration 
sensitivity  was  observed  as  the  temperature 
changed.  Several  of  thes*  crystals  were  later 
ovenlzed  at  temperatures  between  75*  C  and  120*  C 
for  "2-«  tlpover*  tests.  As  noted  before,  the 
acceleration  sensitivities  measured  with  the  *2-0* 
tens  matched  those  measured  by  sinusoidal 
vibration,  th*  acceleration  sensitivity  therefore 
don  not  appopr  to  be  affected  by  operating  over 
the  range  of  20*  C  to  140*  c. 


The  results  of  the  *2-8*  tests  how 
to  calculate  the  directions  of  .the  a 

3Sr3s*feff, 


ilxio*re/i.  The  Vr  «*f»  f 


It  Is  soon  that  the  redial  eampowm 
acceleration  sensitivity  vector  seen 
ccrtofm  sect  low  of  the  blank.  ««t  to  the 
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of  the  Mounting  structure  and  the  ambiguities  of 
Mounting  the  blanks.  It  Is  possible  to  rotate  the 
blank  180*  about  the  zz1  axis  and  xx*  axis  and  end 
up  with  all  the  vector  coMponents  lying  In  me 
quadrant  and  grouped  close  to  the  zz*  axis.  If  we 
perfons  these  rotations,  we  obtain  the  distribution 
shown  In  figure  13.  This  figure  Is  an  hlstogran  of 
the  number  distribution  of  vectors  lying  off  the 
zz*  axis  by  each  given  angle.  It  Is  seen  that  the 
radial  cowponant  of  the  acceleration  sensitivity 
exhibits  good  repeatlblllty  and  typically  occurs 
20*  to  30*  off  the  zz'  axis  for  SC-cut  resonators. 

Four  Point  Mounting  Structure 

The  effects  of  using  a  four-point  mounting 
structure  rather  than  a  three-point  structure  have 
been  Investigated,  and  are  shown  In  figure  14.  The 
first  two  columns  represent  14*nt  diameter  blanks, 
half  of  which  were  mounted  In  3-polnt  mount  “C“- 
type  holders,  and  the  other  half  In  4-polnt  mount 
ceramic  flatpacks.  The  set  of  blanks  mounted  at  3- 
polnts  had  acceleration  sensitivities  between 
2.2xl0“’/g  and  3.4xl0"s/g,  while  the  4-polnt 
mounted  resonators  were  between  0.4xl0“’/g  and 
1.4xl0"’/g.  The  component  of  acceleration 
sensitivity  In  the  plane  of  the  blank  was  similar 
for  both  the  3-point  and  4-polnt  mounted 
resonators.  The  variation  of  the  acceleration 
sensitivity  occured  In  the  component  normal  to  the 
blank. 

It  was  necessary  to  make  certain  that  the 
difference  In  acceleration  sensitivity  between 
these  groups  was  due  to  the  mounting  structure  and 
not  the  differing  electrical  characteristics  of  the 
metal  "C-type  holder  and  ceramic  flatpack 
enclosure.  Therefore,  a  3-point  mounted  resonator 
was  tested  with  1)  the  enclosure  grounded,  2)  the 
enclosure  floating,  3)  a  load  capacitor,  and  4)  no 
load  capacitor.  As  shown  In  figure  IS,  no 
significant  difference  was  observed  In  the 
acceleration  sensitivity  of  the  unit  as  It  was 
tested  under  these  conditions. 


Conclusion 

No  single  parameter  has  yet  been  Identified 
which  substantially  lowers  the  acceleration 
sensitivity  of  SC-eut  resonators. 
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The  last  three  columns  of  figure  14  all 
represent  10  MHz  resonators.  The  column  of  14ani 

blanks  represents  a  group  of  ceramic  flatpack 
enclosed  crystals,  while  the  two  columns  at  9.5ae 
diameter  represent  3-polnt  and  4-polnt  mounted 
crystals  In  TO-8  type  holders.  Here  It  Is  seen 
that  by  using  a  smaller  diameter  blank  the  range  of 
acceleration  sensitivities  achieved  by  using  3- 
polift  mounts  was  similar  to  that  achieved  by  using 
4 -point  mounts.  However,  It  can  be  seen  that  the 
yield  of  low  acceleration  sensitivity  resonators  Is 
both  greater  and  more  consistent  for  the  4-polnt 
‘  crystals. 


Acceleration  sensitivity  vs.  Angles  Of  Cut 


Die  variation  of  acceleration  sensitivities 
_  ...ji  several  angles  of  cut  has  been  examined. 
Figure  It  is  a  summary  of  the  data.  The  columns 
fgr  AX  and  IT-cvts  represent  the  testing  of  only  e 

8*  developmental  resonators,  and  the  column  for 
-cut  resenators  represents  the  testing  of  a  group 
e $  10  miniature  8T-cut  resonators.  Over  a  wide 
range  of  angles  of  cut  (Including  different  nodes 
of  vibration)  no  significant  vgrlatlon  in 
eccelorstloh  sensitivity  can  In  observed.  Nearly 
all  of  the  resonators  fall  within  a  factor  of  fear 
of  1x10*78. 
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SUMMOf 

^ An  approximate  theory  will  be  diacueeed  far  the 
determination  of  acceleration  sensitivity  of  a  high 
overtone  yttrium  alunlnim  garnet  (YM>)  bulk  mode 
resonator  plate  operating  directly  at  microwave 
frequencies.  The  high  overtone  bulk  acoustic  resonator 
facilitates  inplmnentation  of  low  phase  noise  multiple 
frequency  microwave  sources  with  much  less  hardware 
than  has  been  required  by  other  means.  Details  of  the 
oscillator  design  and  tests  are  discussed  in  a  com¬ 
panion  paper,  see  reference  1.  The  vibration  sensi¬ 
tivity  is  treated  both  analytically  and  experimentally 
in  this  paper.  _ 


Electrical  measurements  were  performed  an  a  yag 
bulk  mode  resonator  device  in  both  quiescent  and 
vibrating  states.  The  computed  value  for  the  ,, 
acceleration  sensitivity  (X)  of  approximately  4xlO-J"/G 

carpared  favorably  with  the  tested  value  of  1.28x10^^}. 
The  measured  value  far  the  bulk  mode  plate  is  about  two 
orders  of  magnitude  less  sensitive  to  motion  than  a 
typical  3  point  AT  cut  quartz  crystal. 


where  Vz  is  the  velocity  in  the  z  direction  and  t  is 

the  initial  plate  thickness.  The  acceleration 
sensitivity  is  strain  dependent  and  is  caused  primarily 
by  the  stresses  that  are  developed  at  the  plate  sur¬ 
faces,  i.e. ,  at  the  transducer  mounting  surfaces, 
during  vibration.  In  terms  of  elastic  constants,  the 
generalized  Hooke's  law  for  strain  in  the  traispanded 
direction  may  be  written  as 

l2' 

where  At  is  the  change  in  thickness  caused  by  the 

normal  stresses  S  ,  S  and  S  ,  E  is  the  modulus  of 
x  y  k 

elasticity  and  ju. is  Poisson's  ratio.  Cnee  the  plate 
is  stressed  equation  1  becanes 

X  - - 1 - —  o) 

\  2(tiAt) 


INTRODUCTION 


In  radar  applications  of  oscillator  devices, 
vibration  will  cause  frequency  modulation  (FM)  of  the 
resonator.  The  FM,  if  excessive,  will  produce  noise 
sidebands  of  sufficient  magnitude  to  mask  real  targets 
during  radar  operation.  The  degree  of  sensitivity  of 
the  oscillator  to  vibration  is  primarily  dependent 
upon  the  acceleration  sensitivity  00  of  the  resonator. 

The  reaanabor  is  driven  by  very  thin,  on  the  order 
of  4000X,  ZnO  transducers.  The  problem  of  deformation 
(strain)  is  aolwd  in  terms  of  its  relationship  to  the 
frequency  equation  in  the  transpondad  direction. 

Several  eiaple  formulas  are  Obtained  relating  elastic 
deformation  to  the  acceleration  sensitivity. 
Determination  of  the  strain  was  achieved  by  first 
calculating  dm  plate  stresses.  A  brief  description 
of  the  method  for  determining  the  plate  stresses  will 
also  be  included  in  the  discussion  which  follows. 

ANALYTICAL  APPROACH 

For  this  analysis  the  plate  was  assumed  to  be 
isotropic.  It  was  further  aeavmed  that  the  plate  was 
fixed  at  its  interface  with  the  mounting  preform,  s> 
three  aides,  aa  depicted  in  figures  1  and  2.  The 

electrically  active  ana  is  about  8x10”® in. 2  The 
problem  of  deformation  caused  by  vibration  of  the 
raaonator  plate  la  solved  in  terms  of  its  relationship 
to  the  frequency  equation  in  the  transpondad  (r) 
direction.  The  resonator  frequency  is 


The  +  or  —  notations  indicates  on  increase  or  a 
decrease  in  thickness  respectively.  The  change  in 
frequency  (  a  f)  can  be  expressed  as 


The  acceleration  sensitivity  constant  is  governed  by 
the  known  expression 


-Ht) 


(5) 


This  aquation  represents  the  fractional  frequency 
change  per  gravitational  imit  and  by  substituting 
aquations  1  and  4  into  equation  5  we  now  obtain  the 
acceleration  sensitivity  constant  in  terms  of  strain 
where  . 

K-  "  (—\  <6a) 

tt^t 


(T) 


for  A  t  <  <  t 


(6) 


Finally  by  aubatitutlng  aquation  2  into  6  an  approxi¬ 
mate  sxpremaicn  relating  the  acceleration  ammitivity 


la  part  by 
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to  the  generalized  Hooke's  law  for  strain  is  obtained 
where 


In  carder  to  obtain  **/G  the  normal  elemental 
plate  stresses  at  the  location  of  interest  (the 

—6  2 

electrically  active  area  of  8x10  in  ) ,  were 
calculated.  The  technique  used  to  determine  the 
stresses  was  finite  element  analysis  (FEA) .  In  brief, 
FRA  is  a  method  of  representing  the  plate  structure 
by  a  network  of  finite  structural  elements.  Figure  2 
is  a  representation  of  the  bulk  mode  reacnatar  plate 
and  its  boundary  support  structure,  depicted  in 
figure  1.  The  elements  are  interconnected  at  nodal 
points  each  of  which  is  identified  by  a  nurtber .  For 
this  analysis  a  1C  gravitational  field  was  applied  to 

the  configuration.  The  FEA  yielded  values  for  S  ,  - 

x  y 

and  S  .  These  results  were  then  inserted  into 

z 

equation  7  in  order  to  obtain  value  for  K.  For  the 
resonator  plate  described  in  this  paper  a  vrlue  of 

4x10  ^Vg  was  obtained. 

EXPERIMENTAL  SET-UP 

Phase  pertubations  caused  by  sinusoidal  vibration 
inputs,  see  figure  4,  were  measured  with  the  test  set¬ 
up  shown  in  figure  3.  This  arrangement  depicts  a 
standard  phase  bridge  inplementaticn  which  is 
frequently  used  to  determine  the  additional  phase 
noise  contributed  by  crystal  oscillator  devices  during 
vibration.  The  system  is  calibrated  by  injecting  a 
phase  sideband  of  known  magnitude  and  then  observing 
the  output  of  the  low  noise  video  anplifier  with  the 
spectrum  analyzer.  This  yields  a  calibration  point 
at  which  phase  noise  can  be  referenced. 

The  HP  3585-A  can  display  phase  noise  as  V/  a/hz 
where  V  is  volts.  Using  the  calibration,  the  V/  tj  HZ 
output  is  that  converted  to  a  fractional  frequency 
sensitivity  per  G  of  acceleration. 

In  order  to  minimize  any  frequency  modulation 
which  could  be  caused  by  excessive  motion  of  the  RF 
cable  during  vibration  appropriate  mechanical  clanping 
in  conjunction  with  a  low  frequency  cable  loop  was 
provided  as  indicated  in  figure  3.  In  order  to 
establish  the  level  of  noise  introduced  by  the  cable/ 
ocmector  system  a  substrate  structure  (similar  to 
the  bulk  mode  resonator's  structure)  employing  a 
transmission  line  was  positioned  where  the  resonator 
vsauld  normally  be  located.  This  system  was  measured 
in  both  quiescent  and  vibratory  states.  The  resulting 
noise  level  was  negligible,  cnee  this  was  aoocBplished 
the  actual  device  was  vibrated.  From  the  data 
observed  the  acceleration  sensitivity  constant  was 
determined. 


EXPERIMENTAL  DATA 

Setting  up  -40dB  sidebands  on  RF  signals  and 
c 

observing  the  discriminator  output  thru  the  INA  (an 
the  analyzer)  a  calibration  output  at  various 
vibration  frequencies  was  obtained.  Data  taken  at 
several  frequencies  of  interest  are  cited  below. 


Calibration  Output 


Vibration 

Frequency 

(HZ) 


The  calibration  sideband  was  then  removed  and  the 
measurement  V//J  HZ  taken  at  the  appropriate 
vibration  frequency. 


Vibration 

Frequency 

(HZ 

W  HZ 

Vibration  Response 
at  Resonator  Substrate 
(G's) 

1000 

0.221 

3.0 

2000 

0.278 

3.8 

3000 

0.510 

4.4 

Note:  3G's  rather  than  1  G  was  used  for  the  input 
from  the  vibration  machine  in  order  to  obtain  an 
observable  response  out  of  the  phase  noise  test 
set-up.  See  figure  3  for  the  response  data. 

Vibration  Sideband  =  SB  =CAL*20  IDG  v/JOz  *  20  LOG  f 

'hr  ^ 

where  f  is  the  frequency  of  vibration,  f  is  the 
resonator  frequency  (1.65x10^  HZ)  and 


Sanple  calculation  of  K  from  the  test  data  at 
f  =  2000  HZ: 


sB--AowoLofi(Sf^:'u^ 

a 

-  \  K  7.000  X  \0  Z  0.0& 


*  =  i (i)  5«gfey 

The  experimental  value  for  U«  acceleration 
sensitivity  constant  did  appear  to  vary  slightly  with 
frequency  of  vibration,  however,  this  was  attributed 
primarily  to  errors  associated  with  data  observation 
and  small  variations  in  resonator  tenparature. 
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CONCLUSION 

ttiile  the  calculated  approach  is  an  approximate 

solution,  the  resulting  value  for  X  equal  to  4xlO~U/G 
*iee  ocapare  vary  favorably  with  the  aocperimantal 

value  of  1.28*10~U/3.  the  foregoing  Method  of 
calculating  the  acceleration  sensitivity  wee  applied 
to  a  5  Ms  convex-piano,  XT  cut  3  point  aoxtted 
quartz  resonator  device,  the  calculation  yielded  a 

value  of  about  .5xlO~®/G  in  the  direction  nonel  to 


published  value  of  approximately  1x10-9/g.  the 
ratiraiietim  procedure  developed  as  pert  of  this  task 
appears  to  yield  reasonable  results  for  quartz 
resonator  applications  as  veil. 
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automated  x-ray  orientation  system  for  accurate 
measurement  of  the  angles  of  cut  of  both  singly  and 
doubly  rotated  quartz  crystal  plates  Is  described.  The 
Instrument  Is  capable  of  determining  the  conventional 
phi  and  theta  angles-of-cut  to  a  one-standard-devlatlon 
precision  of  3  *  *  seconds  of  arc  and  Is  capable  of 
measuring  the  general  orientation  of  any  cut  on  the 
bulk-wave  zero-temperature-coef f iclent  locus.  Blanks 
are  assumed  to  be  pre-cut  to  within  15  minutes  of  the 
desired  angles-of-cut. 


The  instrument,  a  laser-assisted  Laue  diffrac¬ 
tometer,  has  been  In  operation  for  approximately 
one  year.  Thousands  of  measurements  have  been  made  on 
both  singly  and  doubly  rotated  cuts  of  quartz,  as  welt 
as  other  crystalline  materials,  with  excellent  results. 
Automatic  handling  equipment  is  currently  being  added, 
which  will  permit  the  Instrument  to  run  unattended  for 
up  to  16  hours  £  — 


3)  Rate  of  Measurement;  SO  plates  per  hour. 

Thus,  the  design  goals  specified  an  Instrument  with 
greater  flexibility  and  accuracy  than  commonly  found 
In  conventional  x-ray  orientation  equlpamnt.  We  have 
achieved  the  first  two  goats  set  forth  above.  The 
ttaw  per  measurement  required  to  obtain  this  high 
precision  Is  currently  2.5  minutes,  although  the  In¬ 
strument  can  measure  at  higher  speeds  If  the  require¬ 
ment  on  precision  Is  relaxed.  To  date,  accuracy 
rather  than  speed  has  been  the  primary  consideration, 
and  significant  Improvements  In  the  measurement  rate 
are  possible,  keeping  In  mind  that  measurement  of  a 
general  three-dimensional  orientation  Is  Inherently  a 
longer  process  than  determination  of  a  single  angle- 
of -cut. 


The  Laue  Method 


Introduction 

In  this  paper  we  describe  a  laser-assisted  Laue 
diffractometer  for  accurate  and  automated  measurement 
of  the  angles  of  cut  of  quartz  crystals,  including 
doubly  rotated  cuts  —  In  particular  the  SC  cut. 

Earlier  work  on  this  Instrument  has  been  described  In 
the  Proceedings  from  last  year's  Symposium1  and  else¬ 
where.  This  Instrument,  designated  the 

EXAQ-1200,  utilizes  a  continuous  x-ray  spectrum  rather 
than  a  monochromatic  spectrum  as  In  conventional 
diffraction  Instruments,  permitting  x-ray  reflections 
to  be  easily  located  with  use  of  a  sample  mount  having 
only  one  degree  of  freedom  In  motion  of  the  blank. 

The  primary  function  of  the  Instrument  Is,  given 
a  blank  cut  to  within  about  15  arc-minutes  of  the 
correct  nominal  angles-of-cut  (the  conventional  phi, 
theta,  and  pel),  to  measure  these  angles  to  a  few 
arc-seconds  accuracy  In  order  to  determine  any  required 
angular  corrections.  These  measurements  are  made  with 
respect  to  a  reference  standard  crystal  for  each  type 
of  cut  to  be  measured.  The  design  goals  we  wished  to 
meet  Included: 

1)  Types  of  Cuts:  Blanks  of  any  general  orienta¬ 
tion,  Tn  particular  those  on  the  buk-wave 
zero-tempereture-coefflclent  locus.  Circular 
blanks  as  wall  as  a  variety  of  blank  sizes  and 
thicknesses  must  be  accommodated. 

2)  Reproducibility  and  Accuracy:  Reproducibility 
and  accuracy  or  plus-or -minus  b  arc-seconds 
and  10  arc-seconds,  respectively  In  the 
conventional  phi /theta  angles  of  cut  for  SC- 
cut  plates,  where  the  values  refer  to  one 
standard  deviation  from  the  mean. 


The  differences  between  the  Laue  method  and 
conventional  diffraction  techniques  as  they  apply  to 
this  system  have  been  described  earlier. I  *  5  An 
excellent  general  text  on  the  theory  and  application 
of  the  Laue  method  Is  available.6  The  Laue  method  has 
long  been  used  for  orientation  of  crystals  to  about 
0.25  degrees,  usually  employing  visual  analysis  of  a 
diffraction  pattern  on  film  or  on  a  fluorescent  screen. 
Higher-precision  Laue  work  (35-arc  seconds  In  favorable 
cases)  has  been  previously  performed  where  the  desired 
crystal  t. lent at  Ion  places  a  crystallographic 
symmetry  axis  exactly  along  the  Incident  x-ray  beam,  by 
matching  the  Intensities  of  symmetry-equivalent 
ref lections?,  but  that  method  Is  less  useful  for 
an  Instrument  which  must  measure  a  variety  of  general 
orientations. 

Because  the  Laue  method  uses  a  continuous  Incident 
x-ray  spectrum,  small  changes  In  crystal  orientation  do 
not  In  general  move  the  crystal  In  and  out  of  the 
diffracting  condition.  This  Is  In  contrast  to  the  case 
of  conventional  Bragg  diffraction,  where  a  small  change 
In  the  orientation  of  a  diffracting  crystal  In  general 
causes  the  diffraction  maximum  to  dlssappesr  entirely. 
The  search  for  maxima  can  thus  require  three  degrees 
of  freedom  In  motion  of  the  sample  and  considerable 
amount  of  time.  In  the  Laue  case,  since  the  peak  It 
visible  over  a  wide  range  of  orientations,  only  a 
tingle  degree  of  freedom  In  sample  motion,  a  rotation 
about  the  ptl  axis.  It  required  whan  the  orientation 
In  phi  and  theta  is  known  to  batter  than  the  separation 
of  the  prominent  peaks  In  the  Laue  diffraction  pattern. 
If  It  were  not  necessary  to  measure  circular  blanks; 
l.e..  If  ptl  ware  alto  known  to  0.2$  degrees  at  the 
outset,  no  motion  of  the  blank  would  be  required,  con¬ 
siderably  reducing  measurement  time*.  Batbrotnatlen  of 
the  locations  of  two  diffraction  peaks  Id  stfflelbnt 
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to  completely  specify  the  three-dimensional  orienta¬ 
tion  of  a  crystal . 

The  major  advantage  of  the  Latte  method  Is  thus  the 
fact  that  peaks  are  very  readily  located,  leading  to  a 
mount  with  only  one  rotational  degree  of  freedom,  and 
therefore  to  a  design  which  provides  a  great  deal  of 
accessibility  to  the  sample.  The  major  disadvantage 
lies  In  the  lower  diffracted  Intensities.  Careful 
choice  of  Instrument  geometry  and  x-ray  reflections  has 
been  made  to  maximize  Intensities. 


Laue  Instrument  Concept 

Given  a  Laue  diffraction  peak,  as  the  orientation 
of  the  crystal  Is  changed  by  a  small  amount  the  posi¬ 
tion  of  the  peak  changes  Just  as  If  the  reflection  were 
occurring  from  a  mirror  parallel  to  the  diffracting 
lattice  planes,  slightly  changing  the  peak  energy  of 
the  diffraction.  At  a  100  mm  crystal -to-detector 
distance,  as  in  the  system  to  be  described,  the  x-ray 
spot  moves  about  b  microns  for  a  one  arc-second  change 
In  crystal  orientation  In  the  plane  of  reflection. 
Figure  I  shows  the  concept  employed  In  the  Laue 
diffractometer  for  completely  determining  the  crystal 
lattice  orientation.  A  minimum  of  two  x-ray  detectors 
Is  required,  although  a  larger  number  can  be  used 
(three  are  available  on  our  system).  The  blank  Is 
mounted  on  a  rotating  stage  with  the  axis  of  rotation 
approximately  parallel  to  the  psi-axls  of  the  blank. 

The  x-ray  detectors,  with  apertures  large  enough  (plus- 
or  minus  1  degree  In  this  case)  to  accommodate  any 
mounting  errors  as  well  as  errors  In  the  angles  of  cut, 
are  positioned  so  that  only  at  some  unique  stage  rota¬ 
tion  angle  will  x-ray  reflections  enter  all  counters 
simultaneously.  The  exact  position  of  each  reflection 
within  its  counter  aperture  Is  then  determined.  These 
measurements  permit  the  normals  to  two  or  more  sets  of 
diffracting  planes  end,  thus,  the  crystal  orientation, 
to  be  computed. 

Assuming  that  the  blank  has  been  mounted  so  that 
the  normal  to  its  face  is  exactly  parallel  to  the 
rotator  axis,  this  Information  Is  sufficient  to  deter¬ 
mine  the  angles  of  cut.  However,  mounting  errors  are 
often  In  the  ane-mtmite  range  and  a  correction  Is 
therefore  required.  The  method  used,  shown  in  Figure  2, 
employs  a  He/He  laser  and  linear  position-sensitive 
detector  to  measure  the  precession  of  a  laser  beam 
reflected  from  the  face  of  the  blank  as  It  rotates,  to 
yield  both  the  height  and  orientation  of  the  face. 
Determination  of  the  severity  of  errors  arising  from 
sample  mounting  and  the  method  of  laser-assisted 
diffractometry  have  been  described  previously  by  Vlg8. 


Description  of  the  Laue  Diffractometer 

The  Instrument  has  been  described  earlier  In  de¬ 
tails.  A  brief  summery  will  be  presented  here.  An 
overall  view  of  the  prototype  Laue  diffractometer  Is 
shown  In  Figure  3.  Although  the  He/he  laser  itself  Is 
not  visible  from  this  angle,  the  other  mejor  features 
of  the  Instrument  ran  bo  seen.  A  steel  table  serves  as 
the  base  of  the  Instrwant.  Mounted  In  the  center  of 
this  table  Is  a  high-precision  rotattng  stage  which, 
like  the  other  moving  parts  of  the  Instrument,  Is 
under  computer  control.  Just  to  the  left  of  the  rotary 
stage  is  the  x-ray  source  collimator,  attached  to  the 
x-ray  source  Itself.  The  diffracted  x-rays  are  detect¬ 
ed  by  three  x-ray  detectors  mounted  on  the  three  arch 
supports  idilch  can  be  seen  at  the  right  of  the  rotery 
stage,  tach  of  the  arch  supports  permits  Its  detector 
to  be  varied  In  azimuth  and  Inclination  over  a  wide 


range  while  maintaining  e  fixed  sample-to-detector 
distance  of  bOO  mm.  These  movements  allow  the  Instru-  " 
went  to  be  readily  adapted  to  a  wide  variety  of  cuts,  '~sy 
and  a  repositioning  of  the  detectors  Is  the  only 
change  in  the  Instrument  required  to  change  from  one 
type  of  cut  to  another.  This  method  of  measurement 
and  reconfiguration  makes  no  distinction  between 
singly  and  doubly  rotated  cuts;  l.e.,  every  blank  Is 
SMasured  in  terms  of  Its  general  three-dimensional 
orientation.  While  speed  and  accuracy  therefore  do  not 
Improve  for  a  singly  rotated  cut,  both  angles  of  cut 
are  obtained,  and  the  Instrument  has  proven  uniquely 
useful,  for  example.  In  measurement  of  phi  tn  AT -cut 
crystals. 

We  are  In  the  process  of  adding  automatic  blank 
handling  equipment  to  the  Instrument,  so  that  It  can 
run  unattended  for  up  to  16  hours.  The  handling  equip¬ 
ment  consists  of  four  elevators  which  will  hold  stacks 
of  blanks  to  be  measured,  four  receivers  Into  which 
the  measured  blanks  will  be  sorted  and  a  robot  arm 
which  can  move  in  radius,  azimuth,  and  height,  which 
will  operate  In  a  pick-end-place  mode, 

A  2mW  He/He  laser  (not  visible  here)  is  mounted 
near  the  central  arch  support,  and  the  reflected  laser 
beam  Is  detected  by  an  optical  system  Including  a 
position-sensitive  diode  detector,  shown  at  the  far 
left.  Both  the  laser  source  and  the  laser  detector 
are  Inclined  at  8  degrees  from  horizontal  with  respect 
to  the  sample.  The  laser  detector  consists  of  a  lens 
system  to  magnify  the  motion  of  the  reflected  laser 
beam,  a  bellows  to  decrease  the  amount  of  ambient  light 
entering  the  system,  and  an  electronics  package  con¬ 
sisting  of  a  linear  position-sensitive  photodiode 
mountedwlth  the  position-sensitive  axis  vertical  and 
circuitry  to  convert  the  diode  output  Into  a  voltage 
proportional  to  spot  position.  This  system  enables 
the  position  of  the  reflected  laser  beam  to  be  monitor¬ 
ed  by  the  computer  in  real-time  during  the  Initial 
rotational  search  for  x-ray  reflections. 

Figure  b  Is  a  closer  view  of  the  rotary  stage  on 
which  the  sample  is  mounted.  On  top  of  the  stage  Is  a 
three-point  vacuum  chuck,  on  tdilch  the  blank  is  mounted. 

The  collar  around  the  sample  mount  Is  threaded  to 
permit  adjustment  of  the  sample  height.  The  viewing 
angle  in  this  figure  Is  approximately  the  same  as  in 
Figure  3,  with  the  x-ray  source  collisietor  at  the  left, 
and  the  Incoming  He/Ne  laser  beam  at  the  right. 

The  x-ray  source  Is  a  standard  sealed  diffraction 
tube,  excited  below  the  characteristic  K-line  potential 
In  order  to  produce  a  relatively  smooth  "white- 
red  I  at  Ion"  spectrum.  The  Incident  x-ray  beam  approach¬ 
es  the  sample  at  a  glancing  angle  of  20  degrees.  At 
the  exit  port  of  the  x-ray  tube  housing  is  the  x-ray 
shutter,  which  Is  also  under  computer  control  and  has 
both  "open"  and  "closed"  fall -safe  sensors  for  opera¬ 
tor  safety. 

In  front  of  each  x-ray  detector  Is  a  translating 
stage,  which  scans  a  pair  of  silts  over  Its  detector, 
tn  order  to  measure  the  spatial  x-ray  Intensity  dis¬ 
tribution  within  the  aperture.  A  least-squares  profile 
fitting  technique  Is  employed  to  determine  the  position 
of  the  x-ray  spot  within  the  detector.  Figure  5  Is  e 
close-up  view  of  one  of  the  outside  translating  stages, 
taken  from  the  far  "right"  of  the  Instrument.  The 
nature  of  the  slits  used  to  determine  the  x-ray  posi¬ 
tion  can  be  seen  In  this  figure.  The  two  slits  are 
90  degrees  te  one  another  and  each  Is  at  bS  degrees 
with  respect  to  the  direction  of  stage  travel.  This 
arrangement  allows  the  X-Y  coordinates  of  the  x-ray 
spot  within  the  detector  to  be  determined  with  e 
single  tren* letlonal  motion.  Scans  ere  performed  on 
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all  three  detectors  simultaneously,  first  with  the 
"upper"  silt,  then  with  the  "lower."  Scan  times  can 
be  varied  to  match  the  speed  and  accuracy  require* 
ments,  and  have  ranged  from  15  seconds  to  2  minutes 
per  scan. 

The  control  subsystem  is  shown  In  Figure  6.  A 
dedicated  microcomputer  Is  connected  to  the  instru¬ 
ment  through  a  CAMAC  Interface,  which  Is  a  highly 
flexible  standardized  digital  Interfacing  system.  The 
CAMAC  crate  accepts  standardized  plug-ln  modules  which 
In  this  case  Include  four  stepping-motor  controllers, 
a  digital  I/O  port  (for  control  of  the  x-ray  shuter, 
etc.),  an  A/D  convertor  for  the  laser  detector,  and 
a  six-channel  scaler  which  counts  the  pulses  received 
by  the  x-ray  defectors.  Also  present  are  a  NIM  bln 
containing  the  high-voltage  power  supply  and  pulse- 
height  discrimination  circuitry  for  the  x-ray  detec¬ 
tors,  and  a  power  supply  for  the  x-ray  shutter  and 
stepping  motors.  A  CRT  terminal  for  operator  Input 
and  a  30-cps  keyboard/printer  for  a  hard-copy  record 
of  measurement  results  are  also  present. 

The  primary  function  of  the  control  subsystem 
software  is  to  perform  the  automatic  measurement 
sequence,  first  for  a  reference  standard  crystal,  then 
for  the  blanks  to  be  measured.  The  program  outputs  a 
hard-copy  record  of  the  measurement  results  for  each 
batch  of  crystals.  The  operator  is  prompted  when  any 
intervention  Is  required,  such  as  mounting  the  next 
blank  when  operating  without  the  automatic  blank 
handling  equipment.  Since  we  are  dealing  with  low- 
level  signals  compared  to  those  commonly  observed  In 
conventional  orientation  equipment,  and  we  require 
very  high  accuracy,  the  computer  is  essential  In 
extracting  as  much  information  from  the  signal  as 
possible.  Least-squares  curve  fitting  techniques  are 
employed  to  extract  this  Information,  for  example,  in 
the  determination  of  crystal  orientation  from  the 
computed  diffraction  vectors.  The  set  of  vectors 
obtained  from  the  measured  blank  is  treated  as  a 
rigid  body,  which  is  rotated  to  achieve  the  best 
match  (in  a  least-squares  sense)  with  the  set  of 
vectors  measured  from  the  reference  standard  crystal. 
The  three  rotation  angles  determined  from  this  pro¬ 
cedure  co-respond  to  the  changes  in  the  angles  of  cut 
(phi,  theta,  and  psi)  between  the  measured  crystal  and 
the  reference  standard. 


Quartz  Crystal  Measurement  Results 

The  EXAQ-1200  has  made  several  thousand  measure¬ 
ments  of  various  types  of  cuts  of  quartz.  Whereas  the 
measurements  described  at  last  year's  Symposium  tested 
repeatability  without  remounting  the  blank  between 
determinations’  ,  the  ones  described  here  involved 
removing  the  blank  from  the  chuck,  rotating  It  through 
an  arbitrary  angle  in  psi,  and  replacing  it  on  the 
chuck  between  repeated  measurements.  While  the  tilt 
due  to  remounting  was  often  one  arc-minute  or  more, 
the  actual  measurement  precision  was  considerably 
better  (e.g.,  a  few  arc-seconds)  Indicating  that  the 
laser  subsystem  was  performing  well.  The  measurements 
utilized  data  from  all  three  x-ray  detectors,  and  the 
measurement  rate  selected  resulted  In  measurement 
times  of  2.8  minutes.  Among  the  types  of  samples 
measured  to  date  have  been  SC  cuts  with  phi  *  21.93 
degrees  and  theta  >34.11  degrees,  SC  cats  near  phi  > 
23.75  degrees,  SC  cuts  near  theta  ■  33-5  degrees,  and 
AT  cuts.  One  or  more  crystals  ef  each  type  of  cut 
were  selected  for  use  as  reference  standards. 

The  only  requirement  which  must  be  fulfilled  for 
a  given  type  of  cut  to  be  measurable  (in  addition  to 


the  limits  on  physical  characteristics  and  dynamic 
range)  Is  that  three  x-ray  reflections  of  suitable  In¬ 
tensity  be  accessible  to  the  x-ray  detectors  simultan¬ 
eously.  This  requirement  has  to  date  been  very  easy 
to  meet.  Se.^ral  such  sets  of  reflections  have  been 
located  for  each  cut  tried  so  far,  and  the  best  set 
chosen  in  each  case. 

As  an  example  of  the  high  degree  of  flexibility 
of  the  Instrument,  experiments  have  been  conducted  not 
only  on  different  types  of  cuts  of  quartz,  but  also 
on  an  entirely  different  material  —  cadmium  telluride 
(CdTe).  Unlike  quartz,  which  has  a  trigonal  crystal 
lattice,  the  CdTe  lattice  is  face-centered  cubic  with 
thedeslred  orientation  normal  to  the  11)  planes.  The 
111  normal  is  an  axis  of  three-fold  rotational 
crystallographic  symmetry.  This  symmetry  was  used 
to  make  an  absolute  measurement  of  the  CdTe  angles-of- 
cut  much  in  the  same  manner  as  an  absolute  measurement 
of  phi  can  be  made  In  the  case  of  AT-cut  quartz,  as 
discussed  In  the  section  on  AT-cut  measurement  results. 
Six  CdTe  samples  were  measured  with  a  repeatability  of 
5  arc-seconds  In  the  angles-of-cut,  and  an  absolute 
accuracy  of  17  arc-seconds  (root -mean -square  values 
over  the  six  samples  measured)  without  availability  of 
a  reference  standard  crystal.  Thus,  the  instrument 
appears  capable  of  measuring  angles-of-cut  not  only 
of  quartz  crystal  plates  of  any  orientation,  but  also 
of  a  variety  of  other  crystalline  materials  as  well. 

The  remainder  of  this  section  will  describe  the  results 
obtained  on  approximately  150  well-studied  SC-  and  AT- 
cut  quartz  plates. 


SC-CUT  RESULTS 

SC-cut  blanks  of  both  known  and  roughly  known 
angles-of-cut  were  measured.  The  first  batch  was  a 
set  of  11  SC-cut  blanks,  each  cut  at  a  different  angle 
near  21.93  degrees  phi  and  34.11  degrees  theta,  very 
kindly  provided  by  Frequency  Electronics,  Inc.  (FEl). 
The  blanks  had  been  selected  to  cover  the  entire 
dynamic  range  of  plus-or-minus  15  arc-minutes  about  the 
nominal  SC-cut  angle  and  had  been  measured  to  about  20- 
30  arc-seconds  in  theta  and  1  -  2  minutes  In  phi. 

These  blanks  were  Ik  mm  (0.550  in)  in  diameter,  1.27  mm 
(0.050  in)  thick,  parallel  to  better  than  0.5  micron, 
and  had  a  3 -ml cron  surface  finish.  Performance  on 
these  blanks  was  excellent. 

Several  sets  of  measurements  were  performed.  For 
each  set,  the  instrument  was  calibrated  relative  to  a 
different  one  of  the  blanks.  The  results  relative  to 
blank  #25  as  the  reference  crystal  are  shown  in 
Figure  7,  a  scatter  plot  of  the  twenty  measurements 
made  on  each  blank.  The  open  circles  represent  the 
nominal  angles,  and  a  plus  sign  is  plotted  at  each  of 
the  measured  angles.  A  one  arc-minute  scale  is  shown 
near  the  tower  right.  The  tight  clustering  of  the 
plus  signs  is  representative  of  the  Instrument  repro¬ 
ducibility.  The  differences  between  the  nqmlnal  angles 
and  those  measured  on  the  EXAQ-1200  are  consistent  with 
the  estimated  precision  In  the  nominal  angles,  and  it 
can  be  seen  that  the  taroest  differences  are  In  phi 
(the  less  critical  angle).  Figure  8  summarizes  these 
results  numerically.  Over  all  220  maasuraaantt,  the 
average  reproducibility  In  phi  was  3.8  arc -seconds,  and 
In  theta  was  4.0  arc-seconds.  The  average  total  spread 
(maximum  minus  minimum)  was  13*7  seconds  In  phi  and 
15.1  seconds  In  theta.  The  max I asm  observed  phi  spread 
for  20  measurements  was  11.7  seconds  and  maximum  theta 
spread  was  19.4  seconds.  The  values  In  Figure  I 
corresponding  to  Oelte(Phl)  and  Delta (Theta)  represent 
the  difference  between  the  angle -of -cut  as  meaeened  an 
the  EXAQ-12M  and  the  nominal  angle.  Similar  resells 
were  obtained  relative  to  other  blanks  (111  and  #31) 
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taken  a*  the  rate ran ca  crystal.  In  all,  3)0  — asure- 
— nts  Mara  mode,  giving  tha  following  overall 
statistic*  (alt  In  are-seconds) : 


Phi 

Theta 

Average  Reproducibility 

3.6 

3.6 

Average  Spread 

10.9 

11.2 

Maximum  Spread 

18.7 

19. k 

The  fact  that  the  spreads  were  within  plus-or- 
minus  three  standard  deviations  from  the  mean  suggests 
that  the  errors  in  measurements  made  within  the 
dynamic  range  of  the  instrument  conform  to  a  normal 
distribution.  Psl  was  measured  absolutely  to  plus-or- 
mlnus  0.2$  degree  and  was  70.6  degrees  in  all  cases, 
at  that  orientation  where  the  x-ray  scans  were  per¬ 
formed.  Overall,  the  root-mean  square  difference  be¬ 
tween  the  angles  measured  for  these  blanks  on  the 
EXAQ-1200  and  the  nominal  angles  was  l‘k8"  in  phi  and 
2k"  in  theta.  These  differences  agreed  well  with  the 
estimated  errors  in  the  nominal  angles. 

The  other  set  of  SC-cut  blanks  for  which  angles 
were  known  was  generously  provided  by  Hewlett-Packard 
(HP).  The  set  consisted  of  six  blanks,  all  cut  at 
angles  phi  and  theta  of  21.8611  and  3k. 1281  degrees 
respectively,  as  measured  by  HP.  The  blank-to-blank 
variation  (one  standard  deviation)  in  angles-of-cut  as 
measured  by  the  EXAQ-1200  was  only  9-6  seconds  In  phi 
and  6.k  seconds  In  theta,  over  all  six  blanks.  The 
consistency  within  this  batch  was  thus  excellent  and 
the  results  were  consistent  with  the  two-sigma  (l.e., 
two  standard  deviations)  In  combined  theta  and  phi 
errors  of  12  arc-seconds  estimated  by  HP  for  this  set 
of  blanks.  Each  blank  was  measured  20  times,  and  the 
measurement  repeatability  was  very  good,  averaging  3.5 
seconds  in  phi  and  k.O  seconds  In  theta. 

To  test  the  stability  and  repeatability  of  the 
instrument,  many  measurements  were  made  on  a  set  of 
over  100  different  SC-cut  blanks  whose  angles-of-cut 
were  known  only  approximately.  These  blanks  were 
circular  plates  supplied  by  USAEAADCOM,  Fort  Monmouth, 
which  had  been  purchesed  from  Sawyer  Crystal  Systems 
and  lapped  to  a  uniform  five-micron  surface  finish  at 
FEI.  Additional  physical  characteristics  were: 


Diameter: 
Thickness: 
Nominal  Phi: 
Nominal  Theta: 


13.97  mm  (0.55!n) 
1.02  mm  (O.OkO  in) 
21.93  deg  (21  56') 
36.017  deg  (3k  01') 


The  results  for  these  blanks  are  summarized  In 
Plgures9  *  12.  Performance  on  these  sample*  was 
excellent  over  the  entire  batch  of  1060  measurements, 
with  an  average  ooe-standard-deviatlon  reproducibility 
of  k.6"  in  phi  and  k.2"  In  theta,  and  an  average  spread 
of  Ik. 8  seconds  In  phi  and  17.2"  In  theta,  bated  on  ten 
measurements  per  blank  (tee  Figures  9  and  10).  The 
mexlnue  observed  spreads  In  phi  and  theta  for  a  ten 
measure— nt  series  were  22"  and  30",  respectively. 

The  ttreratl  average  angles-of-cut  for  the  batch  were 
ph 1*22. 3575  and  thete*33-3770,  relative  to  FEI  SC 
reference  crystal  #2$  (phi -2 1. 960 1 ,  theta-)k.0912,  as 
described  In  the  previous  section).  The  blank-to-blank 
standard  deviation  was  0.1395  degrees  (8*22")  In  phi 
and  0.0197  degree*  (1M1n)  In  theta,  taken  over  all 
blanks  In  the  botch  (sc*  Figures  11  and  12). 


AT- Cut  Results 

Tha  other  type  of  cut  measured  was  the  AT-cvt. 

This  cut  Is  singly  routed,  and  while  theta  can  be 
measured  by  conventional  Instrumentation  very  accurate¬ 
ly,  phi  is  typically  not  maasured  or  controlled.  The 
AT-cut  Laoe  pattern  contains  an  axis  of  mirror  syn— try, 
which  can  be  used  to  make  absolute  measurements  of  phi 
with  the  EXAQ-1200,  based  on  measurement  of  both  sides 
of  the  reference  crysul.  In  the  experiment  described 
below,  thirty-one  circular  AT-cut  plates  provided  by 
USERADC0M,  Fort  Nonmouth,  and  lapped  to  a  5 -ml cron 
surface  finish  at  FEI  ware  used  to  obtain  a  batch  of 
620  measurements ,  10  measurements  on  each  side  of  each 
blank.  Physical  characteristics  were: 


Diameter: 
Thickness: 
Nominal  Phi : 
Nominal  Theta: 


13.97  —  (0.55  In) 
1.09  —  (0.0k3  in) 
0.0 

35.383  deg  (35  23') 


The  Instrument  performance  on  these  samples  was 
excellent,  with  an  average  reproducibility  of  k.6"  in 
phi  and  3-0"  in  theta,  and  an  average  spread  of  15.3" 

In  phi  and  9.6"  in  theta,  based  on  ten  measurements 
per  side.  The  average  value  of  phi  overall  was  very 
close  to  zero  —  0.0001  degrees,  and  the  average  theta 
was  35.3989  degrees.  The  root-mean-square  value  of  phi 
was  0.07k7  degrees  (k'29").  Indicative  of  the  fact  that 
phi  was  not  controlled  during  processing.  The  maximum 
observed  spreads  in  phi  and  theta  For  the  whole  batch 
were  2k"  and  18"  respectively.  The  blank-to-blank 
standard  deviation  for  the  batch  was  0.0979  degrees 
(S' 52")  in  phi  and  0.0073  (26")  In  theta.  The  mean 
difference  in  theta  measured  on  the  two  different  sides 
of  a  blank  was  5.k",  indicative  of  the  average 
parallelism  of  the  two  sides  for  this  batch. 

Stability 


To  test  the  long-term  stability  of  the  Instrument, 
approxi— tely  kOO  measure— nts  were  made  on  an  SC-cut 
plate  over  a  three-day  period.  The  standard  deviation 
for  the  entire  set  was  3.7  arc-seconds  In  phi  and  2.9 
seconds  in  theta.  Figures  13  -  Ik  show  the  progress 
of  the  — asureme nts  for  phi  and  theta,  respectively. 

The  —  asure— nts  conformed  to  nor— 1  distributions. 
Indicating  that  the  — Jor  source  of  error  in  the 
—asure— nts  was  random.  These  figures  also  indicate 
that  drift  over  this  term  was  very  s— II.  A  ther¬ 
mo— tar  was  used  to  sum  I  tor  the  temperature  at  the 
Instrument,  and  no  dependence  of  the  results  on 
temperature  has  been  observed  over  the  5  degree  C 
temperature  variation  measured.  The  stability  of  the 
instru— nt  with  respect  to  ti—  and  thermal  effects  is 
thus  excellent,  as  expected  based  on  tha  — terlals  used 
In  Its  construction. 

Precision  vs  Rate  of  Measursm ant 

The  measurements  ws  are  now  routinely  making  on 
tha  EXAQ-1200  require  2.6  minutes  each  to  achieve 
precision  near  k  seconds  of  arc.  X-ray  scan  tl— * 
account  for  only  about  1  minute.  As  shown  In  Figure  15, 
which  is  a  plot  of  performance  vs  total  measurement 
tl— ,  tha  largest  component  of  the  re— Inlog  overhead 
Is  the  initial  search  for  x-ray  reflections,  arising 
from  tha  assumption  thot  psl  Is  unknown  at  the  outset. 
Nevertheless  It  I*  feasible  for  many  types  of  plates 
to  determine  pal  (for  example,  by  optical  — one) ,  and 
a  rough  knowledge  of  psl  at  the  start  could  reduce 
determination  times  by  os  much  a*  I  minute.  The 
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anticipated  affect  on  Instrument  performance  is  shown 
In  the  dotted  curve  of  figure  15,  along  with  the  per¬ 
formance  vs  total  determination  time  in  the  current 
configuration  (solid  line).  The  only  change  to  the 
system  required  to  achieve  these  rates  Is  a  modifica¬ 
tion  to  allow  the  laser  subsystem  to  determine  the 
orientation  of  the  crystal  face  from  a  single,  station¬ 
ary  measurement . 

In  situations  where  the  highest  precision  Is  not 
required,  reduction  of  x-ray  scan  times  can  provide  an 
Improvement  In  the  throughput.  The  scan  time  per  step 
used  In  the  2.6  minute  determinations  Is  2  seconds. 

If  a  factor  of  1.41  (root  2)  degradation  in  repeat¬ 
ability  is  acceptable,  scan  time  per  step  can  be  cut 
to  I  second,  saving  30  seconds  per  determination.  If 
a  factor  of  2  degradation  Is  acceptable,  times  can  be 
cut  to  0.5  second/step,  saving  45  seconds  per 
determination,  etc.,  as  shown  in  figure  IS. 

Conclusion 

The  EXAQ-1200  prototype  has  provided  automated 
measurements  of  the  full  three-dimensional  orientation 
required  for  doubly  rotated  quartz  crystals  to  a  pre¬ 
cision  and  at  a  throughput  that  is  unmatched  by  any 
other  currently  available  system. 

This  study  has  demonstrated  that  tt  is  possible 
to  obtain  very  high  accuracy  in  measurement  of  the 
orientation  of  crystals  by  the  Laue  method,  and  the 
method  need  not  be  restricted  to  low-precision  work. 

The  prototype  Instrument  hat  made  several  thousand 
measurements  of  different  types  of  quartz  plates.  In¬ 
cluding  AT  and  SC  cuts.  Measurement  precision  of  4 
arc-seconds  in  phi  and  theta  for  both  AT  and  SC  cuts 
was  achieved.  Absolute  accuracy  of  the  measurements 
appears  to  be  limited  by  the  accuracy  to  which  the 
angles  of  the  reference  standards  are  known.  The 
distribution  of  measurement  errors  conformed  well  to 
normal  Gaussian  statistics;  thus,  the  precision  of 
measurements  can  be  further  improved  to  almost  any 
desired  level  by  averaging  multiple  measurements.  The 
instrument  is  very  versatile,  since  It  can  be  readily 
changed  by  repositioning  the  x-ray  detectors  to 
accommodate  different  types  of  cuts  of  quartz,  or  even 
other  crystalline  materials.  Moreover,  measurements 
are  made  automat ical ly,  enabling  the  Instrument  to  be 
integrated  with  automatic  handling  equipment. 

Although  fully  suitable  for  measurement  of  singly 
rotated  cuts,  the  determination  of  the  general  three- 
dimensional  orientation  is  Inherently  a  more  time- 
consuming  process  than  measurement  of  a  single  angle- 
of-cut.  This  consideration,  along  with  the  lower  x-ray 
Intensities  obtained  with  the  Laue  technique  compered 
to  monochromatic  techniques,  leads  to  longer  deter¬ 
mination  tlmas,  although  the  result  does  provide  more 
information  (e.g. ,  phi  in  the  case  of  AT  cuts).  Hence, 
the  throughput  of  ■allured  crystals  ts  lower  than  for 
conventional  x-ray  orientation  Instruments  assigned  for 
Singly  rotated  crystal  measurements.  Measurements  at 
the  4  art- second  Wool  of  performance  require  2.6 
minutes.  Methods  for  Improving  these  times  Include  usa 
of  a  »t reaper  jt*r# y  Mores,  taore  x-ray  detectors, 
festef  aethnaleel  stages,  and  elimination  of  the 
initial  search  for  ref lest  Ions  by  marking  psi  on  the 
horns* 
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1.  Concept  for  the  x-rey  portion  of  the  measurement 
apparatus.  A  Mining*  of  two  detectors  l< 
required;  three  ere  available  on  the  prototype 
Instnment. 


2.  Concept  for  the  later  portion  of  the  neatureMent 
apporatut,  which  corrects  for  errors  In  mounting 
of  the  crystal  to  the  rotating  stage,  as 
described  In  the  text. 


3.  Full  view  of  the  prototype  Instrument. 


4.  Closeup  of  the  rotating  stage.  Angle  of  view  Is 
about  the  same  as  in  Figure  3» 


5.  Closeup  of  one  of  the  outside  translators.  The 
pair  of  1.5  mm  slits  used  in  the  x-ray  scans  can 
be  seen. 


6.  Control  subsystem  for  the  prototype  Instrument, 
with  computer,  computer  peripherals,  x-ray  count¬ 
ing  circuitry,  and  CANAC  digital  control 
interface. 


7.  Scatter  plot  of  the  measurements  on  11  SC-cut 
plates.  The  open  circles  represent  the  nominal 
angles.  The  clusters  of  •*•'*  represent  20 
measurements  on  each  of  the  blanks.  A  1  arc- 
minute  scale  is  shown  at  the  lower  right. 
Agreement  with  the  nominal  angles  was  within 
their  estimated  error. 


8.  Comparison  of  nominal  vs  measured  angles  for  11 
SC-cut  plates. 


9.  Measured  phi  for  102SC-cut  plates,  each  point 
is  the  average  of  10  measurements/plate. 


10.  Measured  theta  for  102  SC-cut  plates,  each  point 
Is  the  average  of  10  measurements/plate. 


11.  Standard  deviation  in  phi  for  10  measurements 
each  of  102  SC-cut  plates. 


12.  Standard  deviation  in  theta  for  10  measurements 
each  of  102  SC-cut  plates. 


13.  Time  dependence  of  phi  for  392  measurements  of  an 
SC-cut  plate  over  a  three-day  period. 


14.  Time  dependence  of  theta  for  392  measurements  of 
an  SC-cut  plate  over  a  three-day  period. 


15.  Precision  vs.  total  measurement  time  for  SC-cut 
blanks.  The  solid  line  represents  current  per¬ 
formance;  the  dashed  line  represents  the 
performance  achievable  If  blanks  were  to  be 
marked  In  psl  prior  to  Measurement. 
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Abstract 

An  apparatus  that  permits  rapid  measurement  of  crystal  unit 
g-sensitivity  under  random  vibration  is  described.  It  takes  less 
than  two  minutes  for  a  HP  desk-top  computer  to  set  up  a  spec¬ 
trum  analyzer,  to  compute  g-sensitivity  vs.  acceleration  fre¬ 
quency,  and  also  to  record  the  results. 

It  is  possible  to  obtain  a  noise  floor  of  the  instrumentation  that 
allows  measurements  of  g-sensitivity  of  VHP  crystal  units  to  less 
than  10',0/g  for  accelerations  of  lO  'V/Hz  to  10°gVHz  over  a 
frequency  span  of  500  to  15000  Hz. 

The  relationship  between  the  measured  voltages  by  the  spec¬ 
trum  analyzer  and  the  desired  g-sensitivity  will  be  discussed. 
Sample  computer  plots  of  g-sensitivity  for  AT,  FC,  IT  and  SC  cut 
crystals  indicating  resonant  frequencies  associated  with  the 
mounting  system  of  the  crystal  units  will  also  be  shown. 


I.  Introduction 

The  frequency  vs.  acceleration  characteristic  of  quartz  crystal 
units  has  been  measured  in  the  past  either  by  static  w2g-tipover" 
or  centrifuge1  tests,  or  by  single-frequency  dynamic1’5'*  tests  ap¬ 
plying  sinusoidal  acceleration  forces  to  an  entire  oscillator  circuit 
module.  This  paper  describes  a  g-sensitivity  measuring  apparatus 
which  tests  a  crystal  unit  by  itself  over  a  15000-Hz  band  and  also 
gives  a  simplified  analysis  of  the  measurement  apparatus  with  a 
derivation  of  the  lower  limit  of  the  measurable  g-sensitivity. 

The  quantity  of  interest  T  or  g-sensitivity  of  a  crystal  unit 
(crystal  plate,  support  system,  and  package)  is  a  vector.  The  mea¬ 
surement  apparatus  to  be  described  can  be  used  to  obtain  the 
g-sensitivity  vs.  acceleration  frequency  characteristic  of  a  crystal 
unit  alone  in  any  one  chosen  axis  when  fitted  with  an  appropriate 
crystal  unit  mounting  Fixture.  For  the  application  of  the  crystal 
units  that  required  determination  of  their  g-sensitivity,  it  was  suf¬ 
ficient  to  measure  the  component  of  F  normal  to  the  crystal 
plate.  A  single  setup  is  only  practical  for  measurement  of  a  spe¬ 
cific  component  of  F  owing  to  the  problem  of  attaching  fixtures 
and  maintaining  adequately  low  mechanical  crosstalk.  Rapid 
measurement  of  all  three  components  off  would  only  be  practi¬ 
cal  if  three  separate  measuring  apparatus  were  provided. 

In  this  paper,  the  symbol  y  shall  represent  a  g-sensitivity  com¬ 
ponent  in  the  direction  of  the  applied  acceleration  (normal  to 
plate)  A  in  units  of  g(«  9.8  m/sec1).  Then, 

y-4  f/(f»A)  (I) 

-  fractional  frequency  deviation  per  g 

-  g-senihlvity 

where  Af  -  frequency  deviation  from  the  series  resonance  fre¬ 
quency  f,  of  the  crystal  unit  under  test.  For  the  apparatus  to  be 


described,  the  acceleration  A  is  an  RMS  average  of  a  gaussian 
random  process  in  any  one  of  128  frequency  bins.  The  band¬ 
width  of  each  bin  is  either  60  Hz  or  120  Hz.  Af  and  therefore  y 
are  also  functions  of  acceleration  frequency  (fA>.  The  apparatus 
makes  indirect  measurements  of  Af  and  A  needed  to  determine  y 
and  then  plots  the  y  vs.  fA(500  Hz  to  15000  Hz)  characteristic  of  a 
crystal  unit  in  less  than  2  minutes. 


II.  Measurement  Analysis  and  Apparatus  Setup 

A  measurement  system  block  diagram  and  a  more  detailed  dia¬ 
gram  of  the  frequency  discriminator  block  are  shown  in  Figures  1 
and  2. 

II.  1  Measurement  Analysis 

Eq.  (1)  is  rewritten  in  Eq.  (2)  showing  7,  Af,  and  A  as  func¬ 
tions  of  acceleration  frequency  fA. 

7(fA)  -  Af(fA)/(f<,  A(fA))  (2) 

The  quantities  measured  directly  are  the  RMS  averages  per¬ 
formed  in  the  HP3582A  spectrum  analyzer  of  voltages  VA  (chan¬ 
nel  A  input)  and  VB  (channel  B  input),  which  arc  proportional  to 
A  and  f,  respectively.  (See  Figure  I.) 

Let  VA  =  Ka  A  (3) 

and 

Vg  =  Kg  Af. 

Proportionality  constants,  KA  and  Kg  have  to  be  known  in 
order  to  evaluate  Eq.  (2)  from  the  HP3582A  spectrum  analyzer 
data. 

Ka  (relating  the  channel  A  input  voltage  to  the  acceleration  g 
level  measured  by  a  sub-miniature  accelerometer  (ENDEVCO) 
mounted  very  close  to  the  crystal  unit)  is  simply  the  accelerome¬ 
ter  transducer  constant  (about  I.2S  x  10* 12  coul/g)  divided  by 
the  total  capacitance  seen  by  the  accelerometer  output  charge.  If 
the  total  capacitance  is  500  pF,  then 

Ka  -  1.25  x  l0‘,i(coul/g)/$00pF 
-  2.5  mV/g. 

Kg  (relating  the  channel  B  input  voltage  to  f  deviation  of  the 
crystal  series  resonance  frequency)  depends  on  the  frequency  dis¬ 
criminator  constant  and  the  LNA  (Low  Noise  Amplifier)  gain.  In 
the  frequency  discriminator  block  of  Figure  2,  the  input  excita¬ 
tion  frequency  is  constant  at  or  very  near  the  crystal  series  reso¬ 
nance  frequency  at  rest.  When  subjected  to  vibration  forces,  the 
crystal  series  resonance  frequency  undergoes  fluctuation.  One  ist 
inclined  to  suspect  that  the  actual  mechanism5-*-7  of  scries  reso¬ 
nance  frequency  shift  results  from  changes  in  thickness,  density 
or  even  elastic  constant  experienced  during  plate  deformation. 
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Figure  I.  g-Sensitivity  Measurement  Apparatus 
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Figure  4.  Measurable  g-sensitivity  limited  by  various  instrument 
noise  levels  (Q  =  40000  and  A2  =  5  x  10  5  g2/Hz 
assumed  in  eqs.  1  and  2). 
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Figare  3.  An  impedance  plot  of  the  crystal  unit  used  to  depict 
phase  modulation  on  the  excitation  signal 


Figure  3.  Measurement  software  flow  chart  -  simplified. 


2*8 


From  the  preceding  discussion,  it  can  be  seen  that  the  net  ef¬ 
fect  of  vibration  on  the  frequency  discriminator  is  a  phase  modu¬ 
lation  (see  Figure  3)  of  the  excitation  signal  according  to  Ad  = 
AX/R,  where  AX  is  the  reactance  change  in  the  equivalent  circuit 
of  the  crystal  and  R  is  the  total  equivalent  series  resistance.  Near 
resonance,  Ad  is  related  to  Af  by  (ignoring  sign), 

Ad  =  2QAf/f0  (4) 

For  100  MHz  5th  overtone  AT-cut  crystals  having  Q„  of 
100000,  the  passive  Q  in  Eq.  (4)  is  Q  =  Q,  •  40/(40  +10  +  50)  = 
40000,  where  40  ohm  is  the  crystal  series  resistance  and  the  addi¬ 
tional  60  ohm  is  an  approximate  resistance  in  series  with  the  crys¬ 
tal  unit  as  seen  in  Figure  2.  Thus,  for  the  case  of  100  MHz  5th 
overtone  AT-cut  crystals,  the  phase  shift  given  by  Eq.  (4)  is 

Ad  =  80000  Af/f„  (radians)  (5) 

With  signal  levels  at  Ml  ring  modulator  (phase  detector)  as 
shown  in  Figure  2,  a  phase  detector  sensitivity  (K„)  of  0. 1  volt/ 
radian  exists.  The  phase  detector  (Ml)  output  voltage,  Vp,  is 
given  by 

Vp  =  Kp  Ad  (6) 

=  0.1  Ad 

=  8000  Af/(  100  X106) 

=  8  millivolts  if  Af  =  100  Hz. 

Finally, 

V„  =  VPCLNA 

=  (0.1  x  80000  xAf/f„)  550 
=  0.044  Af 

=  Kb  Af  (7) 

and  Kb  =  0.044  volt/Hz  is  obtained.  In  Eq.  (7),  an  LNA  gain  of 
550  is  used. 

When  the  measuring  apparatus  is  used,  the  phase  detector  out¬ 
put  Vp  is  always  measured  for  each  crystal  unit  for  Af  of  ±  100 
Hz  in  the  signal  generator  frequency  and  KB  is  found  from  Eq. 
(7).  This  is  done  to  account  for  variation  in  crystal  Q  from  unit  to 
unit.  The  g-sensitivity  in  Eq.  (2)  can  now  be  calculated  from  the 
measured  RMS  values  of  voltages  VA  and  VB  using  the  known 
proportionality  constants  KA  and  KB. 


11.2  Limiting  Factors  of  the  Measurement  Apparatus 

In  the  present  measurement  system,  the  lower  limit  of  measur¬ 
able  g-sensitivity  is  set  by  the  spectrum  analyzer  (HP3582A)  in¬ 
put  noise  and  by  the  signal  generator  (HP8662A)  phase  noise. 
Figure  4  shows  this  limit  together  with  a  lower  limit  that  can  be 
achieved  if  a  well  designed  oscillator  is  used  as  the  signal  source. 

A  simple  Colpitts  oscillator*  stabilized  via  phase  shift  property 
of  the  transconductance  using  an  SC-cut  crystal  unit  can  be  ar¬ 
ranged  for  incremental  tuning  over  a  range  of  ±  IS  ppm  to  that 
its  frequency  can  be  adjusted  to  resonance  frequency  of  the  crys¬ 
tal  unit  under  test  for  g-sensitivity.  Such  an  oscillator  with  a  com¬ 
mon  base  output  buffer  amplifier  will  provide  noise  levels  10  to 
20  dB  lower  than  the  HP8662A  synthesizer  noise.  As  seen  in  Fig¬ 
ure  4,  k  is  possible  to  measure  g-eensitivity  less  than  10’"  when 
testing  100  MHz  crystal  units  using  a  low  noise  signal  source. 

After  the  phase  detea  or,  information  of  crystal  resonance  fre¬ 
quency  fluctuation  is  in  voltage  fluctuation  and  therefore  mea¬ 
surable  g-sensitivity  is  limited  by  the  spectrum  analyzer  input 
noise  and  by  the  LNA  input  noise.  This  g-sensitivity  limit  Is  given 
byEq.  (I). 


y  *  VN|/(2Q  Kp  Clna  A)  (8) 

where  Eq.  (8)  is  derived  from  Eqs.  (1),  (4),  (6)  and  (7).  VN, 
(equivalent  noise  input  voltage)  is  the  LNA  input  noise  or  the 
spectrum  analyzer  equivalent  noise  input  referred  to  the  phase 
detector  output. 

Before  the  phase  detector,  crystal  resonance  fluctuation  infor¬ 
mation  is  in  the  signal  phase  fluctuation  and  therefore  the  signal 
generator  phase  noise  is  also  a  factor  in  determining  the  lower 
limit  of  measurable  g-sensitivity.  This  limit  is  given  by 

yifm)  *  2f«10^r«vi»/(foA)  (9) 

where  Eq.  (9)  is  derived  from  Eq.  (I)  and  the  expression  J&f*) 
=  20  x  log  (Af/(2f„)]  for  the  single  sideband  phase  noise  at 
offset  frequency  f„.  £(f)  of  the  HP8662A  synthesizer  and  of  a 
VHF  oscillator  employing  an  SC-cut  crystal  unit  were  used  to 
arrive  at  two  of  the  limiting  g-sensitivity  curves  shown  in  Figure 
4.  In  practice,  the  actual  HP8662A  phase  noise  often  exceeds  the 
specified  quoted  resulting  in  improved  g-sensitivity  limits. 

Bright  lines  exhibited  by  the  HP8662A  are  at  offset  greater 
than  15  kHz  so  that  measurement  of  g-sensitivity  for  acceleration 
frequencies  of  500  Hz  to  15000  Hz  can  be  made  without  any 
degradation  arising  from  generator  bright  lines. 

Amplitude  noise  as  well  as  phase  noise  can  be  important.  The 
circuit  symmetry  of  the  balanced  phase  detector  effectively  sup¬ 
presses  the  output  fluctuation  of  the  frequency  discriminator 
arising  from  amplitude  noise  by  typically  20  dB  at  100  MHz. 
Signal  generator  additive  noise  occurs  in  output  amplifiers  and 
ECL  dividers.  Half  of  the  noise  power  is  AM  and  half  is  PM. 
Such  additive  noise  levels  are  typically  - 150  dBc/Hz  at  100 
MHz,  thus  the  AM  noise  is  rarely  a  limitation. 

Finally,  it  should  be  noted  that  the  accelerometer  itself  has  a 
non-ideal  frequency  response.  At  low  frequency  end,  it  acts  as  a 
high-pass  filter  determined  by  the  total  capacitance  and  resist¬ 
ance  seen  by  the  accelerometer  output  charge.  At  high  frequency 
end,  a  useful  frequency  range  of  an  accelerometer  is  limited  by  its 
mounted  resonance  (at  32  kHz  in  this  example).  The  accelerator 
frequency  response  is  known,  however,  and  therefore  can  be 
taken  into  account  by  a  computer  software.  At  15000  Hz,  for 
example,  a  correction  factor  of  1 .4  is  involved. 

11.3  Apparatns  Setup 

The  equipment  used  in  the  g-sensitivity  measurement  setup 
(Figure  1)  consists  of  standard,  commercially  available  units  ex¬ 
cept  an  LNA  (Low  Noise  Amplifier)  and  a  complementary  filter. 
The  LNA  has  a  nearly  constant  gain  of  55  dB  from  50  Hz  to  500 
kHz  with  an  equivalent  noise  input  of  1.5  x  10-*  volt/VHz.  The 
complementary  filter  is  a  parallel  network  of  a  low-pass  filter 
and  a  high-pass  filter,  of  which  the  latter  is  terminated  into  a  SO 
ohm  load  so  that  the  second  harmonic  (200  MHz)  of  the  carrier 
does  not  overload  the  LNA  input  section.  The  line  stretcher  (de¬ 
lay  line)  provides  the  necessary  90  degree  phase  shift  and  also  is 
used  to  compensate  for  phase  detector  (Ml)  offset. 

The  crystal  unit  together  with  its  Input  and  output  network,  an 
adjustable  quarter-wave  delay  line,  and  the  Ml  ring  modulator 
constitute  a  frequency  discriminator  whose  function  was  de¬ 
scribed  in  the  measurement  analysis  section  (II.  1). 

Of  the  three  costly  items,  the  HP9826  computer  eaa  be  re¬ 
placed  by  a  slower  (and  less  convenient)  HP85  and  the  HP8662A 
signal  synthesizer  by  a  simple  crystal  controlled  Colplttt  oscilla¬ 
tor,  as  discussed  earlier,  in  appttcatioot  for  which  cost  or  low 
level  g-sensitivity  measurement  is  important. 


Ill.  Description  of  Ike  Metstmant  Software 

A  BASIC  protram,  of  which  a  simplified  flow  chart  is  shown 
in  Figure  S,  written  for  the  HP9826  scientific  computer  controls 
the  measurement  settings  in  the  HP3582A  spectrum  analyzer  and 
then  reads  the  analyzer  FFT  data  stored  in  memory.  Then,  the 
HP9826  computer  calculates  and  plots  the  g-sensitivity  vs.  accel¬ 
eration  frequency  characteristic  of  the  crystal  unit  under  test. 
The  spectrum  analyzer  starts  FFT  analyses  under  computer  com¬ 
mand  and  accumulates  the  power  spectra  obtained  in  FFT  re¬ 
peated  32  times.  The  user  is  asked  at  the  start  of  a  measurement 
run  to  vary  the  excitation  signal  frequency  by  ±  100  Hz,  enter  the 
resulting  frequency  dicriminator  output  voltage  change,  and  cor¬ 
rect  a  noise  source  to  the  vibration  generator.  The  g-sensitivity 
measurement  is  otherwise  automated  taking  a  total  of  about  100 
seconds  per  crystal  unit. 

The  program  also  stores  the  g-sensitivity  data  on  floppy  disks 
for  further  analyses  such  as  statistical  treatment  of  mechanical 
peaks  shown  in  Figure  1 1 . 


While  the  g-sensitivity  characteristic  of  a  crystal  unit  can  mark¬ 
edly  be  different  from  that  of  another  unit  (of  similar  electrical 
parameters),  a  general  pattern  of  mechanical  resonance  locations 
emerges  as  shown  in  the  histogram.  The  spread  around  a  me¬ 
chanical  resonance  frequency  observed  at  three  major  peaks  are 
caused  by  (1)  manufacturing  tolerances  of  crystal  plate  support 
systems  and  of  their  locations,  by  (2)  variation  in  the  unattached 
portion  of  packaged  lead  lengths  between  package  and  test  fix¬ 
ture  or  by  (3)  effects  on  the  crystal  unit  from  transverse  excita¬ 
tion  owing  to  the  vibration  generator  armature  resonance. 

Only  the  peaks  occurring  near  1 1300  Hz  have  been  positively 
attributed  to  the  crystal  plate  and  the  support  system  inside  the 
package.  A  computer  simulation  shows  that  the  resonances  at 
2300  Hz  and  at  7000  Hz  involve  the  entire  TO-3  package  includ¬ 
ing  the  package  leads  transmitting  energy  to  the  crystal  plate. 

Narrow  band  measurements  of  mechanical  resonance  peaks 
show  Q  of  300  at  1 1 300  Hz,  but  Q  of  only  50  at  both  2500  Hz  and 
7000  Hz. 

'  )■' 

/  V.  Conclusions 


IV.  Discussion  of  Results  - - S  A  computer-controlled  g-sensitivity  measuring  apparatus  has 

(g-sensitivity  vs.  acceleration  characteristics)  Deen  assembled  and  used  to  screen  100  MHz  AT-cut  crystal  units 


AT-cut  crystal  units  with  3-point  support  -  Figures  6  and  7 
show  typical  computer  plots  of  g-sensitivity  for  acceleration  ap¬ 
plied  in  the  direction  normal  to  the  crystal  plate  of  two  sample 
units  of  100  MHz  5th  overtone  AT-cut  crystals  using  a  3-point 
support  system. 

Caution  is  required  in  determining  that  any  of  g-sensitivity 
peaks  has  not  occurred  as  a  result  of  transverse  acceleration  (as¬ 
sociated  with  armature  and  fixture  resonance  of  the  vibration 
generator)  experienced  by  the  crystal  but  not  sensed  by  the  accel¬ 
erometer.  This  is  initially  checked  using  three  mutually  perpen¬ 
dicular  accelerometers  mounted  to  a  small  cube  of  aluminum, 
one  flat  side  of  which  is  fastened  to  the  vibration  fixture  with 
loktite.  Crosstalk  should  be  less  than  -  15  dB  at  all  frequencies 
when  the  vibration  generator  is  driven  at  levels  to  be  used  in  crys¬ 
tal  unit  testing.  At  most  frequencies,  crosstalk  levels  of  -  20  dB 
are  observed  using  the  VTS-100  vibration  generator. 

FC,  IT,  and  SC  -  cut  crystal  units  with  4-point  support  systems 

-  A  small  quantity  of  FC,  IT,  and  SC -cut  crystal  units  have  been 
tested  for  their  g-sensitivity  and  sample  g-sensitivity  plots  for 
each  of  three  different  types  of  crystals  are  shown  in  Figures  8,  9 
and  10. 

Firstly,  it  is  to  be  observed  that  4-point  support  systems  in  gen¬ 
eral  excite  low  frequency  (below  5000  Hz)  resonances  to  a  lesser 
extent  than  in  the  case  of  3-point  support  systems  of  which  exam¬ 
ples  are  previously  shown  in  Figures  6  and  7. 

Secondly,  as  p  angle  increases  from  AT-cut  to  SC-cut,  g-sensi¬ 
tivity  are  seen  to  decrease  as  expected.  Above  5000  Hz,  this  trend 
cannot  be  observed  because  of  the  present  measurement  system 
limitation,  namely,  the  HP8662A  Synthesizer  phase  noise. 

It  should  be  added  that  3-point  support  systems  are  preferred 
for  AT-cut  crystal  units  to  4-point  support  systems  because  the 
latter  have  been  found  to  cause  an  activity  dip  at  an  operating 
temperature  range. 

in  Figure  1 1  represents  the  number  of  resonance  peaks  vs.  accel¬ 
eration  frequencies  obtained  for  a  sample  of  450  crystal  units. 


for  any  manufacturing  defect.  This  apparatus  obtains  the  g-sen- 
sitivity  vs.  acceleration  characteristic  of  a  crystal  unit  alone  in 
less  than  100  seconds  in  a  given  direction. 

The  basic  equations  governing  computation  of  g-sensitivity 
from  the  measured  data  can  be  used  to  determine  a  new  set  of 
component  requirements  for  the  apparatus  when  measuring  dif¬ 
ferent  crystal  types  to  a  specified  g-sensitivity  level.  It  has  already 
been  shown  that  measurement  of  g-sensitivity  levels  less  than 
KW.’  is  possible  for  100  MHz  quartz  crystal  units. 

The  described  g-sensitivity  measurement  technique  can  be  used 
to  study  mechanical  resonance  properties  of  crystal  mounting 
and  packaging  schemes,  simply  screen  defective  crystal  units,  or 
investigate  interfering  modes  of  low  frequency  mechanical  reso¬ 
nances  of  the  crystal  plate  and  supporting  systems  after  a  simple 
modification  of  the  measurement  software.  ^ — 
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SUMMARY 


number  of  commercially  available  Instruments 

Ohave  been  evaluated  for  use  In  precision  quartz 
crystal  resonator  measurement.  Since  no  single 

system  Is  best  for  all  the  commonly  required 

O  measurements,  emphasis  has  been  placed  on  basic 
performance  factors  so  that  users  can  Judge  the 
^  suitability  of  each  system  for  a  particular  type  of 
measurement.  Comparative  room  temperature 

measurements  of  a  range  of  crystal  resonators, 

Q  resistors,  and  capacitors  are  reported^ — 


1.  Introduction 


This  paper  presents  the  preliminary  results  of  a 
comparative  evaluation  of  commercially  available  test 
Instruments  suitable  for  application  to  the 
measurement  of  precision  quartz  crystal  resonators. 
More  detailed  results  will  be  given  later  Cl]* 

Four  Instruments  were  evaluated: 

H-P  4191A  RF  Impedance 
Analyzer 

H-P  4192A  LF  Impedance 
Analyzer 

Polarad  ZPV  Vector  Analyzer 

Transat  MCT  Modular  Crystal 
Test  System 


For  precision  crystal  measurement  the  accuracy 
and  resolution  of  the  Internal  frequency  synthesizer 
are  Inadequate,  and  an  external  synthesizer  Is 
required.  Figure  1  shows  the  block  diagram  of  the 
complete  system,  which  Includes  a  controller 
and  peripherals. 

The  system  has  been  described  earlier  [2],  For 
each  resonator,  Cq  Is  measured  at  frequencies  above 
and  below  resonance.  Resonance,  fr,  or  motional  arm 
resonance,  fs.  Is  found  by  a  simple,  two-stage 
search.  The  corresponding  resistance,  Rr  or  R|,  Is 
measured.  Optionally,  Lj  Is  measured  by  the  t  f 
method.  From  the  equivalent  circuit  parameters  the 
load  frequency  and  resistance,  f^  and  R|_, 
corresponding  to  an  arbitrary  positive  or  negative 
load  capacitance  may  be  calculated.  In  addition, 
fi  and  Ri  may  be  measured  using  the  reactance 
offset  method  [2,  4],  Unwanted  modes  are  measured  In 
the  same  manner  as  the  principal  mode. 

2.2  H-P  4192A 

The  4192A  Low-Frequency  Impedance  Analyzer  Is  a 
self-contained,  programmable  Instrument  covering  5  Hz 
to  13  MHz.  It  Is  a  three-terminal  Instrument; 
however,  one  of  the  floating  terminals  may  be 
grounded  If  desired.  The  Instrument  measures  the 
voltage  across,  and  the  current  through,  the  unknown 
Impedance,  using  a  null  technique  [5],  and  presents 
the  results  In  any  of  a  number  of  Immlttance  forms. 
A  variety  of  fixtures  are  available. 


Of  these,  the  Transat  MCT  Is  the  only  Instrument 
specifically  designed  for  crystal  resonator 
measurement  and  the  only  Instrument  of  the  four  which 
Is  capable  of  automatic  resonator  measurement  without 
additional  system  components.  Our  evaluation  of  the 
MCT  was  limited  to  Its  use  as  a  stand-alone 
*  Instrument.  The  remaining  Instruments  were 

Incorporated  Into  systems  which  included  a  separate 
controller  and,  for  the  H-P  4191A  and  Polarad  ZPV,  a 
,  separate  frequency  synthesizer.  Software  was 

provided  by  PT1  and  employed  algorithms  described 
earlier  [2J. 

2.  System  Descriptions 
2.1  H-P  4191A 

The  4191A  RF  Impedance  Analyzer  Is  a 
self-contained,  programmable  Instrument  for  the 
frequency  range  from  1  to  1000  MHz  [3].  A  built-in 
coaxial  reflectometer  (directional  bridge)  measures 
the  reflection  coefficient  of  the  unknown  Impedance, 
which  Is  converted  Into  any  of  several  Immlttance 
forms  by  an  Internal  microprocessor. 


•This  work  was  supported  by  the  U.S.  Any  Electronics 
Research  8  Development  Command,  Ft.  Monmouth,  N.O., 
Contract  No.  DAAK20-82-C-0390. 


The  Internal  frequency  reference  can  be  locked 
to  an  external  standard.  Frequency  resolution  Is  1 
Hz  at  frequencies  above  1  MHz,  adequate  for  many 
purposes.  An  external  synthesizer  may  be  used  for 
greater  resolution. 

Manual  measurements  of  resonator  parameters  are 
possible  with  the  4192A,  but  more  conveniently  a 
separate  controller  Is  used.  Me  have  employed  the 
same  algorithms  as  for  the  4191A. 

In  addition  to  Impedance  measurement,  the  4192A 
can  also  function  as  a  two-channel  transmission  test 
system  measuring  attenuation  and  phase  shift.  In 
this  mode,  It  may  be  used  with  a  separate  pi -network, 
reflectometer,  or  other  test  network  for  resonator 
measurement.  Measurements  were  made  In  this  mode 
using  a  pi -network  for  the  purpose  of  providing  a 
comparison  with  other  pi -network  systems. 

2.3  Polarad  ZPV 

The  Polarad  ZPV  Vector  Analyzer  Is  a 
systems -oriented  vector  voltmeter.  The  Internal 
microprocessor  Incorporates  a  number  of  features 
useful  for  Impedance  measurement.  Using  tuner  ZPV-E3 
the  frequency  range  Is  0.3  to  2000  MHz. 
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'Transat  2‘ 


FI yurt  2  stows  tto  block  diagram  of  tte  comp  lata 
systM.  Both  Pi -network  and  ref lactometer  tost  net¬ 
works  were  used.  The  software  Is  adapted  from  the 
H-P  4191A  lyitM.  For  tto  reflectomater  measure¬ 
ments,  it  was  necessary  to  add  a  calibration  routine 
to  tto  program. 

2.4  Trans at  NCT 

Tto  Transat  Nodular  Crystal  Test  System  is  a 
self-contained  system  for  the  automatic  measurement 
of  crystal  resonators  from  1  to  2S0  MHz  using  a 
separate  pi -network.  It  nay  also  be  used  with  an 
external  controller  and  also  an  external  frequency 
source,  but  these  nodes  of  operation  were  not 
evaluated.  Additionally,  it  has  a  phase-locked  node 
of  operation. 

The  system  comprises  four  nodules  plus  the 
separate  pi-network.  They  are  1)  the  voltage- 
controlled  oscillator  (VCO)  nodule  which  provides 
outputs  for  the  measurement  channel  and  a  reference 
channel;  2)  the  phase-locked  receiver  (PLR)  nodule,  a 
two-channel  phase/anplltude  detector;  3}  the  auto¬ 
matic  lock  nodule  (AIN)  which  controls  frequency 
sweep  and  phase  lock  functions;  and  4)  theautomatlc 
processor  nodule  (APN)  which  contains  a  pre¬ 
programmed  microprocessor  which  controls  the  various 
test  functions.  Frequency  Is  determined  by  a  built- 
in  counter  with  a  resolution  of  .01  ppm  per  1  second 
gate  time.  Provision  Is  made  for  a  TTL-level 
external  1  MHz  frequency  standard. 

The  full  set  of  equivalent  circuit  parameters 
are  computed  from  three  admittance  measurements  (but 
additional  measurements  may  have  to  be  performed  in 
obtaining  these  three.)  The  detailed  measurement 
sequence  is  described  In  the  operating  manual  [6]. 
The  three  measurements  are:  1)  a  measurement  of  C, 
at  afi  where  fi  Is  a  frequency  near  fs  and  a  ■  0.9 
for  fj  >  32  MHz.  For  fj  <  32  MHz,  a  is  an  even 
Integer  such  that  32  <  afi  <  64  MHz;  2)  a  measurement 
at  fs;  3)  a  measurement  at  a  frequency  f^  near  fs 
such  that  the  difference  In  vector  voltmeter  phase 
angle  for  the  two  measurements  Is  sufficiently 
large.  A  spurious  search  mode  Is  provided  which 
measures  frequency  and  resistance  of  unwanted  modes. 

3.  Measurement  Results 

Comparative  measurements  were  made  of  the 
equivalent  circuit  parameters  of  13  crystal  units  at 
frequencies  from  1.65  MHz  to  173  MHz.  For  six  of 
these  units  load  frequency  and  resistance  were 
measured.  Unwanted  mode  measurements  were  made  for 
some  resonators.  Measurements  were  also  performed  on 
a  set  of  ten  chip  resistors  and  capacitors  provided 
by  E.T.4  D.  Lab,  Ft.  Monmouth. 

In  addition,  numerous  Informal  measurements  were 
made  with  all  four  systems.  The  4191A-  and  4192A- 
based  systems  have  been  in  dally  use  at  PTI  for  over 
two  years.  As  a  result,  our  experience  with  these 
systems  Is  much  greater  than  with  the  ZPV  and  Transat 
systems.  Moreover,  our  evaluation  of  tto  Transat 
system  was  performed  using  Instruments  provided  at  no 
cost  by  the  manufacturer.  During  tto  nine-month 
contract  period  a  series  of  modifications  were 
Introduced.  Measurements  made  with  early  Instruments 
are  referred  .to  In  the  tables  as  'Transat  1*. 
Approximately  two  weeks  before  tto  end  of  the 
contract  period  an  improved  Instrument  was  received. 
Measurements  made  with  this  system  are  referred  to  as 
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3.1  0>1p  Element  Measurement 

Typical  comparative  measurements  of  tto  dhip 
resistors  and  capacitors  are  presented  in  figure  3 
and  Tables  1  through  8. 

Figure  3  shows  the  result  of  amplitude  linearity 
measurements  on  a  10  ohm  chip  resistor  using  tto  H-P 
4192A,  the  ZPV  with  12.5  ohm  pi -network,  and  tto 
Transat  2  with  12.5  ohm  pi -network.  The  4192 
measurements  were  made  at  11  MHz,  the  others  at  30 
MHz.  These  data  represent  averages  of  7  to  9 
measurements.  From  the  figure  It  can  be  seen  that 
the  current  range  and  linearity  of  the  4192  are 
clearly  superior  to  tto  other  two  Instruments.  Also, 
tto  linearity  end  current  range  of  the  Transat  2  are 
very  much  better  than  those  of  tto  Transat  1.  There 
are  significant  differences  among  tto  Instruments  In 
the  standard  deviation  of  tto  measurements  and  In  tto 
measured  values  of  Inductance  for  tto  chip  resistor 
and  resistance  for  tto  chip  capacitor,  and  these  will 
be  reported  later  [1], 

In  Tables  1  through  8  a  sample  of  tto  results  of 
chip  element  measurements  at  11  and  201  MHz  are 
summarized.  Tto  unbracketed  numbers  are  tto  mean  of 
7  to  9  measurements  while  those  In  parenthesis 
represent  tto  standard  deviations.  All  pi-network 
measurements  used  the  same  12.5  ohm  network. 

Measurement  of  the  series  resistance  of  the 
capacitors  presented  some  difficulty  for  the  ZPV  and 
the  Transat  2.  The  measurements  of  chip  resistors 
show.  In  general,  good  agreement  among  tte  several 
systems.  The  greatest  differences  are  seen  at  high 
resistances.  At  11  MHz  the  Transat  2  was  unable  to 
make  usable  measurements  of  a  10K  ohm  resistor,  tdille 
the  ZPV/12.5  ohm  pi  system  gave  a  very  low  value.  At 
201  MHz  both  of  these  systems  gave  unreasonably  low 
resistance  values  for  the  10K  ohm  resistor  [1]. 

3.2  Resonator  Measurements 

Comparative  measurements  were  made  on  13  AT -cut 
and  SC-cut  resonators  ranging  In  frequency  from  1.65 
MHz  to  173  MHz.  Data  for  5  of  these  are  summarized 
In  Tables  9-13,  «d)1ch,  as  usual,  represent  tto  mean 
of  7  to  9  measurements. 

For  each  resonator,  tto  equivalent  circuit 
parameters  were  measured  and  tto  current  at  resonance 
measured  or  calculated.  To  minimize  measurement 
differences  attributable  to  current,  all  units  were 
screened  for  linearity.  For  six  units  load  frequency 
and  resistance  were  measured  with  simulated  load 
capacitance  of  32  pF.  Load  measurements  were  not 
made  with  tto  Transat  NCT  since  Its  firmware  does  not 
Include  a  simulated  load  capacitance  capability. 
(However,  It  does  allow  phase  offset  measurements.) 

Examination  of  tto  tables  shows  good  agreement 
for  most  measurements  of  equivalent  circuit 
parameters.  Small  differences  In  resonance  frequency 
value  are  attributable  to  temperature  differences. 
VHF  resonance  frequencies  obtained  with  the  ZPV/ Pi 
appear  to  be  in  error  bp  •  few  ppm. 

Tto  measurements  reported  as  Cg  have  different 
meaning  for  different  measurement  networks,  giving 
ri se  to  apparent  measurement  difference*  of  tto  order 
of  0.8  pF.  In  our  measurements  tto  crystal  can  was 
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always  floating,  an  ambiguous  condition.  Moreover, 
the  three  types  of  measurement  network  used  differ  as 
to  terminal  conditions.  The  reflection  bridge  makes 
a  two-terminal  grounded  measurement;  l.e.,  one 
measurement  terminal  Is  grounded.  The  pi -network 
makes  (approximately  [1]}  a  two-terminal  floating 
measurement.  Finally,  the  H-P  4192A  makes  a  true 
three-terminal  measurement. 

Simulated  load  measurements  presented  greater 
difficulties,  especially  In  the  measurement  of  R(.. 
For  example,  the  ZPV/Wlltron  bridge  measurements  of 
R|_  In  every  Instance  but  one  were  essentially 
meaningless  . 

In  addition,  the  Transat  systems  had  difficulty 
with  some  very  high  Q  resonators.  For  a  5  MHz  3rd 
overtone  AT -cut  resonator  with  a  Q  of  2.2x10®  and 
resistance  of  18  ohms,  both  the  Transat  1  and  2  were 
unable  to  achieve  phase  lock,  due  to  a  too  rapid 
frequency  sweep,  and  measurements  were  not  possible. 
(The  manufacturer  plans  a  modification  to  correct 
this  problem.) 

Figure  4  presents  linearity  measurements  of  a 
10.2  MHz  fundamental  mode,  AT-cut  resonator.  This 
resonator  has  Increasing  resistance  at  low  drive. 
Measurements  were  made  with  the  Transat  2,  the  ZPV 
with  reflection  bridge,  and  the  H-P  4192A.  No 
linearity  measurements  were  made  with  the  H-P  4191A 
since  Its  test  level  Is  essentially  fixed. 

For  several  resonators  unwanted  mode 
measurements  were  made.  Figure  5  shows  the  frequency 
spectrum  of  a  4.192  MHz  fundamental  mode,  AT-cut 
crystal  obtained  using  a  12. 5/12. 5  ohm  pi -network  in 
a  transmission  measurement  system.  The  mode 
resistances  shown  were  obtained  with  the  4191A 
system.  Values  obtained  with  the  4192A,  the 
ZPV/brldge,  and  the  ZPV/pl  systems  were  within  10 
ohms  of  these.  The  Transat  2  system  was  able  to 
locate  only  the  first  of  the  two  spurs  and  Indicated 
a  mode  resistance  approximately  30  ohms  lower  than 
that  shown. 

4.  System  Considerations 

Our  evaluation  of  the  four  systems  Included  a 
number  of  factors,  some  of  which  are  listed  here. 

1.  “Turn-Key"  status.  The  Transat  MCT,  as 
delivered,  Is  capable  of  automatic  resonator 
measurements.  The  H-P  4192A  Is  capable  of  manual 
resonator  measurements,  but  requires  an  external 
controller  and  software  for  automatic  measurements. 
The  H-P  4191A  requires  these  and  a  programmable 
frequency  source,  while  the  ZPV  requires  all  of  the 
foregoing  plus  a  measurement  network. 

2.  Frequency  range.  The  H-P  4192A  is  limited 
to  13  MHz  maximum. 

3.  Drive  level.  Measurements  over  a  range  of 
drive  level  are  possible  with  all  Instruments  except 
the  4191A. 

4.  Remote  measurement.  Remote  measurement  Is 
possible  with  all  systems.  The  4191A,  4192A,  and 
ZPV/brldge  systems  permit  coaxial  line  extension  of 
the  measurement  port,  so  that  the  measurement  network 
can  remain  with  the  Instrument.  Pi-network  systems 
such  as  the  Transat  MCT  require  that  the  pi -network 
be  located  remotely.  In  addition  the  Transat  system 


requires  phase  equalization  of  the  measurement  and 
reference  channels. 

5.  Frequency  sweep/display.  Only  the  ZPV  (with 
suitable  additional  system  components)  Is  capable  of 
rapid  frequency  sweep  and  display.  The  MCT,  however, 
can  rapidly  search  a  given  frequency  band  for  a 
resonance  and  has  a  spurious  search  node.  Via  a 
controller,  the  4191A  and  4192A  systems  can  be  given 
a  display  and  plot  capability,  but  the  data  rate  of 
these  Instruments  Is  Inconveniently  low  for  this 
purpose. 

5.  Conclusions 

In  manufacturing  and  characterizing  crystal 
resonators  a  variety  of  measurements  are  required  for 
different  purposes.  No  single  system  can  best 
perform  all  these  measurements.  This  paper  has 
attempted  to  set  forth  the  salient  features  of  four 
commercially  available  Instruments  as  they  apply  to 
resonator  measurement. 
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Table  1  Comparative  Chip  Capacitor  Measurements 
S  pF  Chip  Capacitor 
(Frequency:  11  MHz) 


Measurement  System 

Rs 

(Ohms) 

ih 

4191A 

•3.7 

4.88 

(4.4) 

(.006) 

ZPV/Brldge 

113 

5.24 

(ID 

(.03) 

ZPV/P1  Net. 

367 

5.25 

37 

(.08) 

Transat  2/PI  Net. 

-120.9 

4.79 

(.07) 

(.00) 

4192A 

1.8 

5.02 

(.8) 

(.001) 

4192A/P1  Net. 

-9.3 

5.42 

(16) 

(.03) 

Table  2  Comparative  Chip  Capacitor  Measurements 
5  pF  Chip  Capacitor 
(Frequency:  201  MHz) 


Measurement  System 

Rs 

(Ohms) 

£h 

4191A 

0.21 

(.006) 

5.142 

(.0003) 

ZPV/Brldge 

-1.77 

(.08) 

5,245 

(.004) 

ZPV/P1  Net. 

5.11 

(.08) 

5.343 

(.005) 

Transat  2/PI  Net. 

5.30 

(.74) 

5.19 

(.026) 

Table  3  Comparative  Chip  Capacitor  Measurements, 
39  pF  Chip  Capacitor 
(Frequency:  11  MHz) 


Measurement  System 

Rs 

(Ohms) 

(Si) 

4191A 

0.12 

38.87 

(.13) 

(.02) 

ZPV/Brldge 

9.8 

39.77 

(.») 

(.09) 

ZPV/P1  Net. 

16.2 

39.06 

(.7) 

(.09) 

Transat  2/PI  Net. 

-12.18 

38.51 

(.004) 

(.01) 

4192A 

0.00 

38.40 

(.00) 

(.00) 

4192A/P1  Met. 

0.9 

39.20 

(.35) 

(.03) 

Tabic  4  Cooperative  Chip  Capacitor  Measurements, 
39  pF  Chip  Capacitor 
(Frequency:  201  MHz) 


Measurement  System 

R» 

(Ohms) 

(ph 

4191A 

0.07 

(.003) 

40.13 

(.002) 

ZPV/Brldge 

-0.04 

(.009) 

43.70 

(.04) 

ZPV/P1  Net. 

0.77 

(.02) 

39.65 

(.05) 

Transat  2/PI  Nat. 

0.90 

(.28) 

41.1 

(1.2) 

Table  5  Comparative  Chip  Resistor  Measurements, 
20  Ohm  Chip  Resistor 
(Frequency:  11  MHz) 


Measurement  System 

Rs 

(Ohms) 

(Ohms) 

4191A 

19.52 

(.004) 

0.07 

(.00) 

ZPV/Brldge 

19.66 

(.005) 

0.20 

(.00) 

ZPV/P1  Net. 

19.72 

(.00) 

0.21 

(.04) 

Transat  2/PI  Net. 

19.65 

(.00) 

-0.04 

(.00) 

4192A 

19.91 

(.02) 

0.07 

(.02) 

4192A/P1  Net. 

19.67 

(.007) 

0.07 

(.00) 

Table  6  Comparative  Chip  Resistor  Measurements, 
20  Ohm  Chip  Resistor 
(Frequency:  201  MHz) 


Measurement  System 

*s 

(Ohms) 

h 

(Ohms) 

4191A 

19.66 

(.003) 

0.49 

(.00) 

ZPV/Brldge 

19.57 

(.01) 

ZPV/P1  Net. 

19.54 

(.02) 

Transat  2/PI  Net. 

19.34 

(.02) 

Table  7  Comparative  Chip  Resistor  Measurements, 
400  Ohm  Chip  Resistor 
(Frequency:  11  MHz) 


■■■ 

R$ 

(Ohms) 

X, 

(Ohms) 

4191A 

418.9 

(.2) 

-0.32 

(.H) 

ZPV/Brldge 

416.2 

(.3) 

-4.6 

(.2) 

ZPV/P1  Net. 

420.9 

(1.0) 

3.2 

(.95) 

Transat  2/PI  Net. 

413.9 

(.08) 

-17.4 

(.5) 

4192A 

425.5 

(.0) 

-2.50 

(.00) 

4192A/P1  Net. 

420.9 

(.5) 

-6.3 

(•«) 

Table  8  Comparative  Chip  Resistor  Measurements, 
400  Ohm  Chip  Resistor 
(Frequency:  201  MHz) 


Measurement  System 

"s 

(Ohms) 

*s 

(Ohms) 

4191A 

411.0 

(.07) 

-61.2 

(.007) 

ZPV/Brldge 

406.4 

(.7) 

-64.1 

(1.0) 

ZPV/P1  Net. 

399.0 

(1.3) 

-65.0 

(.7) 

Transat  2/PI  Net. 

395.3 

(.05) 

-75.1 

(.4) 

Table  9  Comparative  Measurements ,  Resonator  15 


(SC-Cut,  3rd  Fundamental  Q-820K,  M-840) 


H Mt.  JjIttN 

•HI 

1 

IW/ 

►IW. 

IW/ 

M.t  «■  N 

ICOEII 

f,  ftm) 

1011.428 

4911.420 

4911.429 

mg 

4911.414 

(.9900) 

•  |  COM) 

0.99 

(•99) 

9.92 

(.994) 

9.97 

(•911) 

19.0) 

(.Ml) 

4  (mi.) 

290.97 

(.«) 

279.19 

(.19) 

298.47 

(.11) 

209.90 

(.») 

277.1 

(>.») 

c.  (*) 

4.1) 

(.901) 

S.90 

(.90) 

4.47 

(.19) 

*.» 

(■<•) 

M* 

(.m») 

»t  (Ml) 

4911.911 

4911.999 

4911.992 

mu.  mi 

- 

(>i-»,)  (») 

299 

(•«) 

m 

(•) 

»/ 

id 

>14 

(.*) 

• 

h.  «*•> 

iw 

(.•) 

11.72 

(.99) 

1.2 

(.9) 

«.« 

(«.•) 

- 

CarrMt  it 

U  <«M 

0.79 

0.7) 

a.n 

«.W 

UM 

Table  10  Comparative  Measurements,  Resonator  M-l 
(SC-Cut,  3rd  Overtone  0-7SOK,  M-35) 


Table  13  Comparative  Measurements,  Resonator  10 
(AT -Cut,  7th  Overtone  Q»55K,  M«4) 


Mns.  %tt«e 

4Jtl 

4152 

41*2/ 

12.5  Ota  *1 

ZH/ 

Oritffe 

IP*/ 

12.5  Ota  h 

TrMMt  2/ 
12,5  Ota  ff 

»,  {»«) 

MK.3U 

*905.147 

**05.327 

*905.340 

•404.353 

■TJ2  't 

«1  «M) 

•4.1J 

*5.73 

*5.95 

*4.72 

94.84 

(.») 

(.05) 

(.0*) 

(.01) 

(.14) 

(l.J) 

H  («t.) 

US0.I 

1157.1 

1145.0 

1131.8 

1142.1 

1144 

(.4) 

Mi 

(?.«) 

(».») 

(5.4) 

d») 

C.  (*») 

4,13 

4.33 

4.75 

5.02 

5.00 

4.23 

(.01) 

■ 

(.05) 

(.03) 

(.0*) 

(.002) 

'l  OW) 

MQS.3M 

IBS™ 

9*05.357 

*905.390 

9905.343 

- 

(ffS)  ("I) 

11.0 

(.8) 

30.7 

(.4) 

31.0 

(.*) 

30.0 

(.0) 

«l  (0M«) 

110.5 

(.«) 

1M.8 

(1.0) 

143.2 

(1.2) 

116.3 

{.*) 

130.2 

(2.0) 

* 

Current  at 
«,  (•».> 

.31 

.30 

.30 

.31 

.63 

1.14 

Table  11  Comparative  Measurements,  Resonator  114 
(AT-Cut,  3rd  Overtone  Q-71K,  M-21) 


Him.  Systm 

4191 

ZPV/ 

Bring* 

ZPV/ 

12.5  Oha  PI 

Transit  1/ 
12.5  Oha  PI 

f,  (kHz) 

83999.027 

83999.033 

83999.293 

83999.108 

(.004) 

(.001) 

(.003) 

(.003) 

*1  (Ohas) 

14.42 

14.49 

14.72 

14.30 

(.01) 

(.01) 

(.02) 

(.04) 

ll  (mi.) 

1.93 

1.95 

1.94 

1.908 

(.00) 

(.005) 

(.01) 

(.005) 

C0  (pF) 

6.30 

6.44 

6.71 

6.082 

(.005) 

(-01) 

(.01) 

(.006) 

Currant  it 

r,  (■».) 

0.70 

0.70 

1.68 

2.28 

Nils.  Sytti* 

4191 

ZPV/ 

Bring* 

ZPV/ 

12.5  Oha  Pt 

KCT1I 

f,  (kHz) 

173250.899 

173250.994 

173251.487 

173250.901 

(.002) 

(.007) 

(.004) 

(.009) 

*1  (Ohas) 

41.56 

41.25 

44.36 

41.58 

(.01) 

(.02) 

(.04) 

(.03) 

Li  (mi.) 

2.18 

2.17 

2.22 

2.13 

(.00) 

(.005) 

(.005) 

(.00) 

c„  (pF) 

5.44 

5.60 

5.46 

5.24 

(.00) 

(.005) 

(.008) 

(.01) 

Currant  it 
fs  (■*•) 

0.49 

0.49 

0.39 

1.39 

-4 


Table  12  Comparative  Measurements,  Resonator  A 


(AT-Cut,  Fundamental  Q-11K,  M-15) 


Nhs.  Systia 

4191 

ZPV/ 

Brldfli 

ZPV/ 

12.5  Oha  PI 

Transit  2/ 
12.5  Oha  Pi 

t%  (kHz) 

151392.853 

151392.830 

151394.570 

151393.315 

(.001) 

(.009) 

(.007) 

(.011) 

*1  (Ohas) 

46.59 

46.58 

47.45 

45.  M 

(.005) 

(.023) 

(.00) 

(.02) 

ii  (mi.) 

0.519 

0.519 

0.510 

0.515 

(.001) 

(.001) 

(.01) 

(.0005) 

C,  (pP) 

1.47 

(.004) 

1.50 

(.007) 

- 

Currant  it 

u  <■*.) 

0.45 

0.45 

0.46 

mm 
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A  NEW  FREQUENCY  FOR  PIEZOELECTRIC  RESONATOR  MEASUREMENT 
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ORLANOO,  FLORIDA  32804 


Whan  a  quart!  crystal  resonator  unit  1$  used  In 
i  rofloctanco  bridge  to  stabilize  the  frequency  of  an 
oscillator  ft  Is  round  that  the  frequency  Is  Insen¬ 
sitive  to  the  length  of  the  cable  between  the  crystal 
unit  and  the  bridge  Properties  of  the 

reflection  coefficient  of  a  crystal  unit,  one  of 
which  explains  this  Insensltlvty,  and  some  related 
crystal  unit  measurements  will  be  described. 

When  the  crystal  unit  can  be  represented  In  the 
vicinity  of  an  Isolated  node  of  vibration  by  a  linear 
electrical  Inpedance  Z.  having  the  usual  simplified 
equivalent  circuit  of  fig.  1,  the  corresponding 

Z«-*o 

crystal  unit  reflection  coefficient  1sre  ■  — . —  . 

Ze+Ao 

Just  as  the  Z-  or  Y-  plane  Immlttance  circle  dlagran 
of  the  crystal  unit  is  useful  In  describing  the 
relationships  between  the  resonance  frequency  fr,  the 
notional  an  resonance  frequency  fs  and  other 
characteristic  frequencies  of  Zg,  the  corresponding 
plots  In  the  r  or  Snlth-chart  plane  are  useful  In 
analyzing  the  characteristics  of  r.<  Steps  in  making 
such  a  plot  are  shown  In  fig.  2,  fig.  3  and  fig.  4. 

The  characteristic  frequencies  fs  and  fr  can  be 
located  on  the  r  plane  plot  as  In  the  Z-  or  Y-  plane 

I  lot.  In  addition  the  condition  of  Minimum 
rjldentlfles  another  frequency,  fg,  which  Is  not 
bvlous  on  the  Z-  or  Y-  plane  plots.  Since  the 
output  of  a  reflectance  bridge  Is  proportional  to  r , 
the  Minimum  value  of  IrJ  corresponds  to  a  minimum  of 
transmission  In  the  reflectance  bridge.  It  can  be 
shown  this  Is  also  essentially  the  reference 

condition  used  In  oscillator  stabilization.  It  Is 
therefore  useful  to  exaMlne  properties  of  fg. 

If  the  crystal  unit  Is  connected  to  a  reflec¬ 
tance  bridge  of  Impedance  R0  by  a  cable  of  the  same 
Impedance  the  effect  on  the  Smith-chart  is  to  rotate 
the  crystal  Imlttance  characteristic  about  the  chart 
origin  by  an  angle  of  twice  the  angularlength  of  the 
cable  as  shown  In  fig.  5.  Since  this  rotation  does 
not  change  the  location  of  the  minimum 
value  of  [rJ  on  the  Imminence  circle,  that  charac¬ 
teristic  of  fg  Is  unchanged.  The  positions  of  fr  and 
f.  on  the  rotated  circle  have  no  correspondingly 
staple  method  of  Identification.  Moreover,  from 
fig.  4  It  can  be  seen  that,  unlike  fP,  fg  continues 
to  exist  «dwn  the  crystal  unit  figure  of  merit  M  Is 
less  than  2.  Other  properties  of  fg  evident  from 
graphical  analysis  are  shown  In  fig.  6. 

From  other  analysis  (5)  using  the  work  of  Hafner 
(6)  It  can  readily  be  shown  that  fa  <  fr  If  and  only 
If  * 

m  ♦  m-1  >  M  (1) 


where  n  Is  defined  In  fig.  7. 

In  addition  the  expressions  In  fig.  7  for  the 
fractional  frequency  difference  between  f.  and  f.  cam 
be  obtained.  The  well  known  corresponding  relations 
for  f-  are  also  shown  In  fig.  7  for  companion.  By 
graphical  analysis  or  from  aquation  (3)  of  fig.  7  It 
can  be  seen  that  fg  Is  Independent  of  R}. 

Because  of  Insensitivity  to  cable  length,  use  of 
fg  for  remote  measurement  Is  of  particular  interest. 
With  Instrumentation  capable  of  measuring  or  calcu¬ 
lating  r .  the  procedure  Is  straightforward.  Typical 
results  from  measurement  of  an  ovenlzed  crystat  unit 
using  an  HP  4191A  Inpedance  Analyzer  (7)  are  shown  In 
table  I.  The  crystal  unit  equivalent  circuit  element 
values  are  given  In  table  II. 
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Summary 

N  , 

A  measuring  method  has  been  developed  to  obtain 
the  oscillator  circuit  input  impedance  characteris¬ 
tics,  so  that  the  oscillator  circuit  operation  perfor¬ 
mance  can  be  estimated  without  connecting  a  crystal 
resonator. 

The  operation  performance  of  the  crystal  oscil¬ 
lator  can  be  estimated  without  connecting  a  crystal 
unit  if  we  measure  how  the  input  impedance,  which  is 
usually  represented  by  an  equivalent  capacitance  and  a 
negative  resistance,  behaves  with  the  frequency  and 
amplitude  of  the  driving  signal  current  of  the  cir¬ 
cuit. 

In  this  paper  a  measuring  method  of  the  equivalent 
capacitance  and  the  negative  resistance  of  the  oscil¬ 
lator  circuit  has  been  considered.  The  equivalent 
capacitance  and  the  negative  resistance  are  measured 
by  comparing  them  with  a  reference  capacitance  and  a 
reference  resistance,  respectively 

A  bridge  circuit  is  adopted  as  a  measuring  cir¬ 
cuit,  and  a  measuring  unit  is  developed  so  that  the 
reference  capacitance  and  the  reference  resistance  of 
suitable  values  can  be  Inserted.  The  measuring  system 
la  the  same,  except  the  measuring  unit,  as  that  of  the 
measuring  method  of  a  crystal  unit. 

Measurements  have  been  made  on  a  Colpltts  osci¬ 
llator  circuit.  It  has  been  shown  from  the  experimen¬ 
tal  results  that  the  input  impedance  characteristics 
can  be  measured  by  the  newly  developed  measuring  met¬ 
hod  and  the  oscillator  circuit  performance  can  be 
evaluated  without  connecting  a  crystal  unit.  It  has 
also  been  shown  that  adjustment  can  be  made  on  the 
equivalent  capacitance  of  the  oscillator  circuit  so 
that  the  frequency  of  oscillation  for  a  given  crystal 
resonator  can  be  obtained. 


Introduction 

Crystal  oscillators  have  been  in  wide  use  as  impo¬ 
rtant  devices  of  electronic  equipments,  and  extensive 
efforts  have  been  made  to  Improve  performances  of  both 
the  crystal  unit  and  the  electronic  circuit  of  the 
oscillator. (1)  It  is,  then.  Important  to  check  a  crys¬ 
tal  oscillator  circuit  prior  to  putting  it  in  use. 

Crystal  oscillators  have  usually  been  checked  by 
observing  how  they  operate  upon  connecting  a  certain 
crystal  resonator  of  a  given  frequency. (1)  The  opera¬ 
tion  performance  of  the  crystal  oscillator,  however, 
can  be  estimated  without  connecting  a  crystal  unit,  if 
the  input  Impedance  characteristics  of  the  circuit 
facing  the  crystal  unit  are  measured.  In  tnis  paper,  a 
measuring  method  of  the  input  lnq>edance  of  the  crystal 
oscillator  circuit  is  described. 

The  oscillation  characteristics  of  an  ordins>y 
crystal  oscillator  such  as  a  Colpltts  oscillator  as 
shown  in  Flg.l,  can  usually  be  represented  by  an  bi¬ 
valent  circuit  as  shown  in  Fig. 2.  In  Fig. 2,  the  crys¬ 
tal  resonator  is  represented  by  a  set  of  equivalent 
series  circuit  parameters,  an  equivalent  resistance  Re 
and  an  inductive  reactance  Xe  at  a  given  frequency. 
Facing  the  crystal  unit,  the  input  lbpedance  of  the 
oscillator  circuit  is  represented  by  the  series  cir¬ 
cuit  composed  of  an  equivalent  capacitance  CL  and  a 
negative  resistance  -RL. 

Both  the  equivalent  capacitance  CL  and  the  nega¬ 
tive  resistance  depend  on  the  frequency  and  on  the 
amplitude  of  the  driving  signal  current.  The  opera¬ 
tion  performance  of  an  oscillator  circuit  for  a  given 
set  of  crystal  resonator  parameters,  than,  can  be 
estimated  if  we  measure  how  the  equivalent  capacitance 
CL  and  the  negative  resistance  -RL  behave  with  the 
frequency  and  amplitude  of  the  driving  signal  current. 


Measuring  Method 
Principle  of  measuring  method 


CH 1967-0/83/0000  0300 *1.00©  1963  IEEE 


The  principle  of  the  measuring  mat hod  of  the  equi¬ 
valent  capacitance  CL  and  the  negative  resistance  -RL 
is  as  follows.  When  s  certain  resistance  Rs  is  cotme- 
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cted  in  aeries  with  the  oscillator  circuit  represented 
by  CL  and  -RL  and  a  RF  signal  is  applied,  the  negative 
resistance  -RL  of  the  oscillator  circuit  can  Just  be 
compensated  by  the  resistance  Rs  on  a  certain  signal 
current  level  of  the  circuit.  Then,  the  total  lmpe- 
cance  of  the  series  circuit  becomes  equal  to  the 
reactance  of  the  equivalent  capacitance  CL.  The  value 
of  CL  is  measured  by  coaparlng  it  with  a  reference 
capacitance  Cs. 


Measuring  circuit  configuration 

A  bridge  circuit  as  shown  in  Fig. 3  has  been  adop¬ 
ted  as  a  measuring  circuit.  In  Fig. 3,  the  circuit 
clrcumferenced  by  the  broken  line  is  the  oscillator 
circuit  which  is  represented  by  CL  and  -RL.  Rs  is 
the  reference  resistance  with  which  the  negative  resi¬ 
stance  -RL  is  coapensated.  The  series  circuit  of  Rs, 
-RL  and  CL  nakes  an  element  of  the  bridge  circuit. 
Another  element  Cs  is  the  reference  capacitance  with 
which  the  equivalent  capacitance  CL  is  compared.  The 
two  capacitances  of  the  same  value  C  are  the  remaining 
two  bridge  elements.  Vs  is  the  RF  signal  cource  vol¬ 
tage.  VI  and  V2  are  the  two  output  voltages  of  the 
bridge  and  are  led  to  a  voltage-phase  meter. 


Measuring  unit 

A  measuring  unit  as  shown  in  Fig. A  has  been  desig¬ 
ned,  so  that  the  reference  capacitance  Cs  and  the 
reference  resistance  Rs  of  a  suitable  value  can  be 
used.  In  Fig. 4,  the  portion  of  the  unit  indicated  by 
'A'  is  the  measuring  terminal  through  which  a  testing 
oscillator  circuit  is  connected.  'B'  and'C'  indicate 
the  sockets  for  the  reference  capacitance  Cs  and  the 
reference  resistance  Rs.  'd'  indicates  the  input  con¬ 
nector  through  which  the  RF  signal  is  applied  to  the 
unit.  'E'  and  'F'  indicate  the  receptacles  for  the 
probes  of  the  voltage-phase  meter  for  measuring  the 
bridge  circuit  output  voltages  VI  and  V2,  respectively. 


Measuring  procedure 

In  the  measurement,  the  signal  source  voltage  Vs 
is  adjusted  so  that  the  phase  difference  of  the  two 
output  voltages  VI  and  V2  becomes  zero.  The  magnitude 
of  the  negative  resistance  -RL  is,  then,  equal  to  the 
value  of  the  reference  resistance  Rs.  The  value  of 
the  equivalent  capacitance  Cl  is  calculated  from  the 
measured  voltages  VI  and  V2  by  the  relation: 

CL  -  (Cs  +  C) / (V1/V2)  -  C.  (1) 

If  VI  is  equal  to  V2,  the  equivalent  capacitance  CL,  is 
equal  to  the  reference  capacitance  Cs.  Possible  ef¬ 
fects  of  capacitance  differences  of  the  bridge  ele¬ 
ments  due  to  the  stray  capacities  of  the  probe  recep¬ 
tacles  and  the  circuit  wiring  of  an  actual  measuring 
unit  can  be  eliminated,  if  we  calibrate  the  CL  measu- 
rement  by  means  of  connecting  a  standard  capacitance 
in  place  of  the  series  circuit  of  Rs  and  the  testing 
oscillator  circuit. 

It  is  expected  that  the  aeasurlng  aethod  is  also 
useful  for  adjustment  of  the  equivalent  capacitance 
CL,  by  means  of  an  adjusting  series  capacitance,  for 
Instance. 


Features  of  aeasurlng  bridge  circuit 

It  can  be  seen  that  the  aeasurlng  bridge  circuit 

has  features  such  as: 


(1)  Measuring  errors  due  to  the  difference  in  the 
magnitude  of  VI  and  V2  can  be  minimized,  since  the 
measurement  can  be  made  in  a  state  that  the  asgnitude 
of  VI  is  near  that  of  V2. 

(2)  By  the  symmetrical  configuration  of  the 
bridge  circuit,  effects  of  the  stray  capacitance  and 
the  residual  Inductance  of  the  measuring  unit  can  be 
eliminated  if  we  make  use  of  a  measurement  by  means  of 
comparing  the  equivalent  capacitance  CL  and  the  nega¬ 
tive  resistance  -RL  with  the  reference  capacitance  Cs 
and  the  reference  resistance  Rs,  respectively. 


Measuring  system 

Flg.S  shows  the  measuring  system  using  the  above 
described  measuring  unit.  The  system  is  the  seise, 
except  the  measuring  unit,  as  that  of  the  measuring 
method  of  the  crystal  resonators  by  means  of  a  measu¬ 
ring  unit  such  as  the  pi-network  or  Fr-meter. 
(2), (3), (4)  In  the  system,  a  YHP  vector  voltmeter  is 
utilized  as  a  voltage-phase  meter.  A  variable  atte¬ 
nuator  is  used  in  order  to  adjust  the  driving  signal 
current  level  of  the  oscillator  circuit  to  be  mea¬ 
sured  . 


Measurement  of  Oscillator  Performance 

Measurements  have  been  made  on  the  oscillator  cir¬ 
cuit  of  Fig.l.  As  the  input  Impedance  characteris¬ 
tics,  the  frequency  characteristics  of  the  equivalent 
capacitance  CL  have  been  measured  by  keeping  the  value 
of  the  negative  resistance  -RL  on  a  certain  constant 
value.  The  measured  results  are  shown  in  Fig. 6(a). 
The  signal  current  I  has  also  been  calculated  and  its 
frequency  characteristics  are  shown  in  Fig. 6(b).  The 
characteristics  have  been  measured  for  several  parame¬ 
ter  values  of  the  negative  resistance  -RL  over  a 
frequency  range  up  to  40MHz.  The  range  of  the  magni¬ 
tude  of  the  negative  resistance  -RL  has  been  chosen  so 
that  it  covers  the  equivalent  resistance  of  ordinary 
crystal  resonators.  From  these  measured  results,  the 
following  oscillator  circuit  performances  can  be  seen. 

(1)  Suppose,  for  Instance,  a  crystal  resonator 
which  has  an  equivalent  resistance  Re  of  30  to  AOohma 
is  used  and  a  magnitude  of  -RL  two  or  three  times  as 
large  as  the  crystal  resistance  Re  is  required  for  a 
sure  oscillation  to  take  place.  If  this  is  the  case, 
it  can  be  seen  from  Fig. 6(a)  that  the  oscillator  cir¬ 
cuit  of  Fig.l  can  be  used  in  a  frequency  range  from  6 
to  22MHz.  The  frequency  range  is  also  seen  more  clea¬ 
rly  on  the  frequency  axis  in  Fig. 6(b). 

(2)  It  can  be  seen  from  Fig. 6(a)  that,  over  the 
above  evaluated  frequency  range  from  6  to  22M!z,  the 
equivalent  capacitance  CL  has  a  value  between  30  and 
60pF  if  the  above  described  crystal  resonator  with  the 
equivalent  resistance  Re  of  30  to  40otnm  is  used. 

(3)  It  can  also  be  seen  from  Fig. 6(a)  that  at  a 
particular  frequency  near  17MBz,  the  value  of  the 
equivalent  capacitance  CL  is  nearly  constant  for  a 
wide  range  of  the  magnitude  of  -RL.  Consequently,  as 
far  as  the  oscillator  circuit  of  Fig.l  is  concerned, 
it  is  especially  desirable  to  use  it  at  a  frequency 
near  17MHz. 

Thus  it  has  been  shown  that  the  oscillator  circuit 
performances  can  be  estimated  from  the  measured  re¬ 
sults  of  the  input  impedance  characteristics  of  the 
circuit. 
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In  order  to  show  a  uaafulnaaa  of  tba  measuring 
method,  adjustment  baa  alao  baan  made  on  the  equiva¬ 
lent  capacitance  CL  of  tba  oacillator  circuit  of 
Fig.l.  The  frequency  of  tbe  cryatal  reeonator  le  usua¬ 
lly  nade  ao  aa  to  have  the  nominal  frequency  at  which 
the  cryatal  reaonator  la  antlreaonant  with  tbe  so- 
called  load  capacitance. (1)  This  frequency  la 
called  the  load  resonance  frequency  and  gives  the 
frequency  of  oscillation  when  the  crystal  resonator  Is 
connected  with  the  oscillator  circuit  whose  equivalent 
capacitance  CL  Is  equal  to  the  load  capacitance  of 
the  crystal  resonator. (1) 

By  adjusting  a  variable  capacitor  connected  in 
series  with  the  circuit,  the  equivalent  capacitance  CL 
of  the  oscillator  circuit  has  been  adjusted  to  30pF, 
which  Is  one  of  typical  values  of  the  load  capacitance 
for  fundaaental  node  AT-cut  cryatal  resonators.  A 
couple  of  crystal  resonators  have  been  used  for  each 
testing  frequencies  (except  for  SOtfiz).  Frequency  of 
oscillation  Fosc  has  been  measured  upon  connecting  the 
test  crystal  resonator  with  the  above  adjusted  oscil¬ 
lator  circuit.  The  adjustment  of  the  equivalent  capa¬ 
citance  CL  and  the  measurement  of  tbe  frequency  of 
oscillation  Fosc  have  been  repeated  twice  for  each 
testing  crystal  resonator.  The  differences  between  the 
load  resonance  frequency  FL  and  the  frequency  of  osci¬ 
llation  Fosc  are  shown  In  Fig. 7.  As  Fig. 7  shows,  the 
differences  are  less  chan  2ppM  over  the  frequency 
range  from  10  to  30MHz.  The  difference  of  2ppM  in 
frequency  corresponds  approximately  to  that  of  0.3pF 
in  the  equivalent  capacitance  CL.  Thus  it  has  been 
shown  that  tbe  measuring  method  Is  also  useful  for 
adjustment  of  the  oscillator  circuit  equivalent  capa¬ 
citance.  t 


Conclusion 

It  has  been  shown  from  the  experimental  results 
that  the  oscillator  circuit  input  Impedance  characte¬ 
ristics  can  be  measured  by  the  newly  developed  measu¬ 
ring  method  and  the  crystal  oacillator  performances 
can  be  evaluated  without  connecting  a  crystal  unit.  It 
has  also  shown  that  the  adjustment  of  the  oscillator 
circuit  equivalent  capacitance  can  be  made  by  tbe 
measuring  method. 

Thus  It  le  concluded  that  the  newly  developed 
measuring  method  is  useful  for  the  development  and 
adjustment  of  crystal  oscillator  circuits. 


The  authors  wish  to  thank  Mr.  S.  Okano  and  Mr.  K. 
Hirane  of  Toyo  Communication  equipment  Co.,  Ltd.  for 
their  participation  In  the  development  of  the  measu¬ 
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Fig. 3.  Measuring  bridge  circuit  of  crystal  oscillator. 


Fig. 


CL :  MEASURING  TERMINAL  FOR  OSC  CIRCUIT 
b  :  SOCKET  FOR  REFERENCE  CAPACITOR  Cs 
C  :  SOCKET  FOR  REFERENCE  RESISTOR  Rs 
d  :  CONNECTOR  FOR  RF  SIGNAL  INPUT  Vs 
e  :  PROBE  RECEPTACLE  FOR  MEASURING  VI 
f  :  PROBE  RECEPTACLE  FOR  MEASURING  V2 


.  Configuration  of  oscillator  circuit  measuring  unit 


Fig. 5,  Measuring  system  of  crystal  oscillator. 


Fig. 6.  Frequency  characteristics  of  (a)  the  measured 

EQUIVALENT  CAPACITANCE  Cl  AND ,(b)  THE  CALCULATED 
CURRENT  LEVEL  OF  OSCILLATION  I. 


Fig. 7.  Comparison  of  Fl  with  Fosc.  (00  and  xx  at  each 

FREQU.  INDICATE  THAT  ADJUSTING  OF  Cl  AND  COMPAR 
ING  HAVE  BEEN  REPEATED  TWICE.) 
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COMPAGNIE  D 'ELECTRON  I QUE  ET  DE  PIQO  ELECTRIC ITE 
95100  ARGENT EUI L  (  FRANCE  ) 


SUMMARY 


a  Bulk  wave  quartz  crystal  resonators  with  very-high  Q 
factors  or  of  very  high  frequencies  have  received 
great  attention  in  recent  years  and  they  do  require 
new  methods  of  characterisation. 

A  general  method  allowing  accurate  measurements  of 
l-J  high  Q  or  high  frequency  crystal  resonators  is 
described. 

The  basic  idea  is  the  use  of  the  admittance  matrix 
of  the  resonator. 

For  low  frequency  resonators, (  f<200  MHz),  the  s  ■, 
transmission  method  through*}:  the  classical  I  EC  IT 
network  leadsto  the  determination  of  Yl2  (f)  and 
givesaccurate  results  of  motional  parameters  and 
frequency.  For  VHF  crystals  (up  to  2  GHz)  the  Y  matrix 
is  computed  from  the  four  S  parameters. 

The  equipment  used  the  basic  steps  of  the  method  and 
the  calibration  and  measurement  procedures  are 
described.  Typical  results  are  presented.  Accuracy 
and  reproducibility  of  measurements  are  discussed 
for  both  high  Q  and  VHF  crystals. 

I  -  INTRODUCTION 

Among  the  applications  of  modem  piezo  electricity^*? 
crystal  resonators  with  very  high  Q  factor  or  of.. 
very  high  frequencies  are  more  and  more  studied  "  . 

Without  neglecting  the  difficulties  to  overcome  when 
manufacturing  such  crystals,  a  major  problem  to  solve 
is  to  perform  reliable  and  accurate  measurements  of 
these  crystals. 

Iimtrous  methods  and  equipments  have  been  described 
'’*7'to  reach  more  or  less  accurate  measurements  of 
crystals.  These  methods  can  be  active  (Crystal 
Impedance  meter)  or  passive  (Tr  or  T  network  trans¬ 
mission).  Impedance  bridges  have  also  been  used  and 
more  recently  reflexion  bridges  (”'or  S  parameters 
network  analyser  W  have  been  described. 

All  of  these  methods  have  their  own  advantages  but 
they  also  have  their  own  limitations. 

Classical  methods  of  passive  networks  measurements, 
such  as  the  IK  -  tt  network  are  not  suitable 

for  the  crystals  we  are  dealing  with.  The  limitations 
come  from  : 

-  frequency  range  ml  match  between  crystal  and  network 
•  bandwidth  of  high  Q  crystals 
•  crystals  having  no  null-phase  response 
•  operator  dependance  of  measurement. 


Other  methods  can  require  a  large  number  of  experimen¬ 
tal  measurements  in  a  wide  frequency  range  to  allow 
precise  fitting  or  accurate  results  (8), 

In  an  other  hand,  industrial  purpose  requires  that  the 
operator  contribution  must  be  as  reduce  as  possible, 
by  using  computer  controlled  equipsrent. 

In  order  to  overcome  these  limitations,  CQ>E  has 
developped  a  fully  automatic  equipment. 

The  basic  idea  is  to  use  the  achaittance  matrix  of  the 
crystal.  Variations  of  the  admittance  matrix  are 
recorded  as  a  function  of  frequency,  in  a  range  less 
than  *  20  ppm  around  f  . 


II  -  THE  ADMITTANCE  PARAMETERS 

Around  its  resonant  frequency,  a  crystal  resonator 
can  be  described  by  the  simplified  equivalent  circuit 
of  figure  la  or  lb.  In  these  figures 

f  is  the  resonant  frequency  of  the  serle  arm 
0  Rl,  LI.  Cl 

Cq  is  the  static  capacitance 

Cj,  Cj  are  the  holder  capacitances. 

Looking  the  crystal  as  a  two-port  network 
leads  to  the  definition  of  the  admittance  matrix 

(Yn  Yi2  > 

O^i  y22  ) 

From  fig.  l.b  one  has  :  Y,,  =  Y,,  =  -  Y.  . 


‘12  _  ‘21 
Y11  +  Y12 


)  (1) 


Y22  +  Y2i=  V3 

It  can  be  easily  shown  that  : 

1 

Y  =  J  C  w  +  - 

*  0  R  +  j  (L,w  -  1  ) 

V 

which  transform  in  :  - 

R  Ai 

Yq  -  --J-- - J  +  J  (Cow  -  --j - -y) 

W  Rj  +  Xj  Rj  +Xj 

1 

In  which  Xj  —  LjW  -  - 
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The  values  of  TO  as  a  function  of  frequency  can  be 
readied  from  <1*. 


Ill  -  U)W  FMgUBjCY  CEYSTAjg  ,  Y  THANStCaSIOM  METHOD 


It  is  possible  to  use  the  full  relation  (2)  to  reach 
the  equivalent  circuit  of  the  crystal*  This  is  the 
veil  knoun  determination  of  the  circle  of  admittance. 
When  calculating  this  circle,  it  appears  that  a  good 
fit  is  obtained  with  a  large  niasber  of  experlsmntal 
points  (20)  ,  carefully  distributed  in  a  vide  frequen¬ 
cy  range,  from  resonant  to  parallel  frequencies.  It 
appears  also  that  stray  capacitances  aiust  be  taken 
into  account  (mainly  in  the  test  circuit).  Additionnal 
difficulties  arise  from  the  large  difference  of 
measured  impedance s ,  giving  a  mismatch  of  adaptation 
of  impedances  in  the  covered  frequency  range. 

An  alternative  solution  in  using  the  admittance 
parameters  is  to  consider  only  the  reciprocal  of  the 
real  part  of  (2)  . 

2  2 

1  R.  +  X,  , 

- —  -  =  C  (C  =  conductance ) 


Using  the  veil  known  narrow  band  approximation  : 
1 

X  =  L  w  - - *2  L.  (w  -  v  )  =  2  L.A  w 

1  1  Cjw  1  °  1 

G~*  becomes  : 


R.<v  ■ Ri  + 


(2  Lj  A  v) 


(3) 


This  relation  describes  a  parabolic  curve  as  a 
function  of  frequency.  Values  of  the  equivalent 
circuit  are  then  calculated  from  the  coefficients 
of  a  parabolic  curve, fitted  by  a  least-square  method 
from  the  experlawntal  points. 

Advantages  of  this  method  are  as  follows  '• 

-  small  numbers  of  points  are  required  (*«7) 

-  points  can  be  taken  in  the  close  neighbourhood  of  fQ. 

-  small  variations  of  impedance  of  the  crystal  in 
the  covered  frequency  range,  allowing  good 
hspedance  matching  of  teat  circuit 

-  measurement  lndependant  of  C0. 

-  general  method  usable  disregarding  any  sero  phase 
response. 

The  general  procedure  of  measurement  can  then  be 
described  as  follow*. After  an  appropriate  calibra¬ 
tion  procedure,  the  crystal  is  inserted  in  a  tsst 
circuit.  A  set  of  measurements  is  performed  stepping 
in  frequency  around  the  assumed  resonant  frequency. 
Computer  aid  will  allow  the  adjustement  of  the 
measurement  conditions  on  the  crystal  under  test 
(frequency  range,  location  of  C-l  parabola  versus 
frequency  •••) 

After  completion  of  this  set  of  measureamnts,  least 
square  fitting  is  performed  and  interpreted.  The 
mlnlanmi  of  the  G-l  curve  gives  the  value  of  El, 
the  frequency  at  this  minimal  is  the  eerie  aim 
resonant  frequency  f0,  and  the  second  order  term 
of  G*1  gives  1.^  (fig.  2). 

Criteria  for  a  "good"  measure  can  be  introduced  in 
the  computer  progress. 


For  crystal  resonators  of  frequency  below 200  Ms,  the 
transmission  measureawnt  throught  air  network  gives 
enough  information  to  reach  the  motional  elements. 

This  method  can  be  sucessfully  used  with  high  Q 
crystsls. 

Description  of  the  equipment 

The  equipment  used  for  transmission  measurement  is 
described  on  figure  3.  This  system  Includes  : 

-  an  ADRET  frequency  synthetlser  (0,01  Hs  step) 
delivering  a  highly  stable  signal  (cesium  controlled) 

-  a  RHODE  et  SCHWARZ  vector  voltmeter  (ZPV) 
allowing  complex  ratios  and  voltage  measurements 

-  a  power  splitter 

-  a  IRC  444  If  network 

Both  synthetlser  and  voltmeter  are  computer 
controlled  through  the  IEEE  488  bus. 

Calibration  and  measurement  procedure 

The  first  step  to  perform,  assumlnp  that  apparatus 
have  been  carefully  calibrated  is  to  calibrate  the 
full  equipment.  This  is  obtain  by  inserting  in  the 
network  the  IRC  recommended  shorting  blank. 

Voltage  attenuation  is  measured  at  nominal 
frequency  (phase  and  amplitude).  These  values  will  be 
taken  as  references  in  all  further  measurements 
performed  at  f  ^  *  11.  Voltmeter  can  store  these 

references  in  its  own  memories  in  order  to  display 
only  the  induced  attenuation.  This  calibration 
procedure  is  automatically  performed  and  checked. 

The  shorting  blank  being  inserted,  voltage  ratio 
must  be  read  as  1  :  0. 


The  measurement  procedure  starts  by  a  rapid  determina¬ 
tion  of  f,.  This  is  done  by  an  Iterative  phases 
reading  at  two  frequencies  (f  j,  ft  )  close  to  the 
previously  estimated  fQ  (starting  from  fn).  Sign  and 
magnitude  of  both  phases  give  the  new  determination 
of  f0«  Three  iterations  generally  lead  to  a  correct 
estimation  of  fc  . 


The  following  step  is  to  perform  a  run  of  N  measure¬ 
ments  at  N  frequencies  centered  around  f0.  At  each 
frequency,  phase  and  amplitude  attenuations  are 
measured,  and  the  value  of  G "1  *>  1  _  Is  calculated 

w 

through  the  classical  voltage  transfer  relation  of 
the  n  network  : 


i4j 

Ac,‘ 

TIf) 

|Ac| 

-  2liira)co'  «c  -V 

<1 

A  . 
el  \ 

cos  (0,-0  )  -  1 
c  s 

in  which  A^  = 


is  the  voltage 


attenuation  between  input  and  output  of  the  Tv 
network  when  the  crystal  is  inserted. 


If  the  calibration  procedure  on  tha  short  circuit 
has  been  performed  first,  one  can  taka  in  (4) 

|Ac|  =1  and  *c  -  0  | 

a 


-M 
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being  the  voltage  transfert  on  the 
shorting  blank. 


The  frequency  renge  covered  by  the  N  steps  of 
frequency  it  given  aalnly  by  the  overtone  order  of 
the  resonator  (from  *20  10**  for  a  fundamental  aode 
to  *  1  to*?  for  a  fifth  or  higher  overtone)* 

Various  requirements  must  be  aet  to  allow  a  correct 
interpretation  of  the  sMasureaents  : 

-  ainiaua  of  „  aust  be  seen  between  2nd  and  N-lst 

8e  1‘q '  point. 

-  standard  deviation  of  the  parabolic  fitting  (given 
in  n)  aust  be  lover  than  a  given  percentage  of  the 
computed  value  of  R^ 

-  ainiaua  of  the  C”*  curve  must  be  positive. 

-  the  coefficient  of  the  2nd  order  tens  aust  be 
positive 

-  ratio  between  the  greater  and  the  auller  ^  ^  ^ 

observed  aust  be  found  between  given  limits. 

If  one  of  these  conditions  is  not  fullfilled,  an 
other  run  of  measurement  is  operated  after  a 
possible  modification  of  center  frequency  or 
frequency  range. 


Accuracy  and  reproducibility 

Accuracy  of  the  motional  parameters  and  frequency 
comes  from  : 

-  accuracy  of  the  aethod  which  will  be  discussed 

-  accuracy  of  the  test  circuit  (Tr  network) 
introducing  systematlcs  errors. 

The  accuracy  of  the  measurements  is  related  to  the 
C  *1  fitting  curve,  which  comes  from  the  accuracy 
of  each  1  experimental  points. 

w 

This  accuracy  can  be  calculated  from  (4)  by  taking 
into  account  the  specifications  of  the  vector 
voltmeter.  It  can  also  be  estimated  by  a  run 
of  100  successive  measurements  of  1  at  a  given 

W 

frequency. 

For  a  given  calibration,  this  error  is  found 
about  1  X. 

The  effect  of  this  possible  error  on  each  1 _ 

W 

points  on  the  C  fitted  curve  is  estimated  by 
affecting  1  to  N  experimental  points  (randomly 
distributed  in  the  N  points)  by  1  %  error. 

Motional  elements  and  frequency  are  recalculated 
at  each  tlae.  Table  I  sumaerlses  this  coaputatlonal 
analysis  for  various  resonators 


ao6) 

Af/f 

al/l 

*r/r 

BVA  5  MHz  AT  P/5 

2.3 

-  1.35  10 '9 

t  0.8  X 

t  0.8  X 

10  MHz  SC  P/5 

1.3 

*  3.5  10*9 

+  2.5  X 

t  0.7  X 

10  MHz  SC  P/3 

1.3 

t  3  10  *9 

-  2  % 

t  0.7  X 

100  MHz  AT  P/S 

0.1 

+-  5  IQ’0 

t  2  X 

t  0.7  X 

Reproducibility  of  measurements  is  given  by  figure  4, 
in  which  a  set  Of  SO  successives  measurement  If  shewn. 
These  aeasureaents  have  been  performed  on  S  Mis  AT  P/S 
CEPE  BVA  design. 

Both  accuracy  and  reproducibility  are  found  in  the 
range  of  seme  percs  in  10*9. 

Typical  results 

Typical  results  of  measurement  are  presented  on 
figures  5  to  7. 

AT 

The  horizontal  axis  Is  In  — around  a  nominal  frequen¬ 
cy  (or  around  a  pre-estlaated  fo).  The  vertical  axis 
gives  the  1  values  in  ohms. 

The  stars  are  the  experimental  points  ard  the  solid 
line  Is  the  parabolic  curve  calculated  by  a  least 
square  fit. 

Figure  S  gives  the  measurements  of  a  5  MHz  AT  P/S 
(CEPE  BVA  design)  resonator. 

Figure  6  gives  the  measurement  of  a  10  MHz  SC  P/S 
resonator. 

Figure  7  gives  the  measurement  of  a  10  Khz  SC  P/3 
resonator. 


IV  -  VHP  CRYSTALS  -  S-Y  PA  RAM  ITERS  METHOD 

For  frequencies  higher  than  20C  MHz,  crystals  generally 
do  not  show  any  zero  phase  response  and.  In  addition, 
stray  (or  holder)  capacitances  are  morn  and  more 
perturbatlng.  Equivalent  circuit  must  then  be  seen  as 
a  two  port  network. 

It  Is  well  known  that  S  parameters  allow  an  accurate 
measurement  of  the  elements  of  the  VHF  equivalent 
circuit  (4-8).  Hs  will  show  a  procedure  of  Interpreta¬ 
tion  of  S  measurements  which  Is  usable  and  accurate 
for  VHF  crystals,  and  which  requires  a  miniates  number 
of  measurements  and  saves  time. 

For  a  given  run  of  frequencies  around  f#,  we  measure 
the  SiJ  parameters  and  ther ,  by  the  relations  given 
In  figure  9  ,  compute  the  V  matrix.  By  (1)  and  (3) 
we  will  calculate,  from  Yj2  or  Y^j,  the  reciprocal 

of  the  real  part  of  Y-,  giving  access,  by  the  C*1  curve 
fitting  to  fQ,  Rj.Lj. 

Capacitances  will  be  calculated  from  Y^  and  Yjj* 

It  car  be  seen  that  we  will  have  two  sets  of  points  to 
calculate  Y^,  one  given  by  Y12  and  the  other  by  Yj^. 

This  gives  a  mean  to  check  the  good  operation  of 
the  system. 

Description  of  the  equipment 

The  S  parameters  measurement  requires  > 

•  a  frequency  syntbetiser 

-  a  S  parameter  test  adapter 

-  a  vector  voltmeter 

-  a  tart  circuit  (504.  load  adaptation) 


Table  I 


The  equipment  Is  described  In  figure  8. 

The  synthetlser,  S  adapter  and  vector  voltmeter  are 
under  computer  control  through  IEEE  488  bus. 


The  various  ralays  giving  the  different  ways  of  RF 
propagation  (transmission  and  reflexion)  are  shown 
In  figure  8. 

The  cooputor  is  in  charge  of  applying  the  frequencies, 
the  status  of  the  relays  and  of  reading  the  informa¬ 
tions  on  the  vector  analyser.  It  will  also  give 
the  Interpretation  in  tarns  of  fQ,  R^,  Lj,  Cq,  CjjCj.. 

Calibration  procedure 

The  minimum  calibration  of  the  system  is  performed 
on  S^,  with  an  open  circuit  on  the  test  circuit. 

After  initial  reading.  S.  is  adjusted  to  an  amplitude 
•  1  and  a  phase  »  0. 

For  highest  frequencies,  it  can  be  measured  that  Slj 
parameters  (i,  jgl,l)  are  slightly  different  than 
their  theoretical  values  (S22  ~  *  !  ®  0,1  °P*n  circuit, 

=»  S21  •  1  1  0  on  short  circuit).  This  can  be  due 

to  unequivalent  electrical  lengths,  rotations  of 

phase  ... 

Same  workers  have  overcane  this  problem  by  introdu¬ 
cing  "error  Matrix"  in  their  computation 

Me  have  chosen  an  other  solution  which  consists  in 
measuring,  at  the  nominal  frequency,  after 

calibration,  Sj 2"  (open  circuit)  and  S  2m  end  E-j™ 

(short  circuit).  Then  we  calculate  Slj  parameters 
(compensation  parameters)  by  : 

Sij"  .  SiJc  =  1  (i,  J  f  1,1)  (5) 

Any  further  Slj  measurements  performed  on  a  crystal 
will  be  multiplied  by  these  three  error  parameters. 


The  G'1  curve  Is  then  fitted  on  the  2.N  points,  at  a 
function  of  frequency. 

A -curscv  and  reproducibility 

Here  again,  accuracy  of  the  method  of  calculation  of 
motional  elements  and  frequency  can  be  estimated,  dis- 
regarding  the  influence  of  mismatch  of  characteristic 
Impedances,  or  imperfections  in  the  test  circuit,  which 
can  be  checked  by  5c  A  tests  and  references. 

Accuracy  of  the  1  points  can  be  taken  from  the 

w 

voltmeter  and  S  adapter  characteristics.  Asstaslng  an 
accuracy  around  1  X  on  each  1  readings,  one  can 

w 

do  the  same  computational  analysis  than  in  the  low 
frequency  case.  This  will  give  the  order  of  magnitude 
of  the  accuracy  of  the  calculated  motional  elements 
and  frequency.  Table  II  summarizes-  this  -analysis. 


Q 

Af/f 

al/l 

ar/r 

500  MHz  AT  (F) 

10  103 

+  3.4  10-7 

-  1.2  z 

-  0.8  X 

200  Khz  SC  (F) 

22  103 

t  1.6  ID'7 

t  1.8  X 

t  0.8  X 

1,06  GHz  BT  P/5 

28  103 

1.8  io-7 

in 

t  0.8  X 

Table  II 


Reproducibility  has  been  checked  ty  performing  50  suc¬ 
cessive  measurements,  after  a  given  calibration,  on 
a  600  MHz  AT  fundamental  mode  crystal  resonator. 


An  example  of  such  a  compensation  is  given  on 
figure  10  (600  MHz  AT  fundamental  quartz  crystal). 

Figure  lO.a  gives  the  C_1  fitting  without  taking  into 
account  the  compensation.  Figure  X).b  gives  the  same 
curve  calculated  with  the  Slj  compensation.  It  can  be 
seen  that  the  fit  is  better  and  that  differences 
between  T,_  and  Y_,  are  lower  when  using  compensation. 
Nevertheless,  it  Is  shown  that  this  compensation  does 
not  affect  greatly  the  values  of  the  elements, 
indicating  a  good  equilibrium  between  electrical 
lengths  of  the  S  adapter. 


Figure  11  gives  the  variation  of  fo,  L  1  and  Rl 
during  these  fifty  measurements.  It  appears  that 
frequency  does  not  change  by  more  0,8  ppm  (500  Hz) 
during  the  operation.  It  can  be  thought  that  most  of 
the  frequency  drift  come  from  small  temperature 
variations  during  the  1  hour  and  half  of  time  covered 
by  the  50  measurements. 

Accuracy  and  reproducibility  in  L  and  R  appear  to  be 
better  than  2  and  1  Z,  and  in  the  range  of  some  parts 
in  10”^  on  frequency,  even  at  1  GHz. 

Typical  results 


After  completion  of  calibration  procedure,  crystal 
is  inserted  in  the  test  circuit. 

Measurement  procedure 

As  in  the  low  frequency  operation,  the  measurement 
procedure  starts  by  a  rapid  determination  of  fQ. 

This  is  done  by  using  the  amplitude  of  Sjj  which  must 
be  minimus  around  fQ.  Two  reading  are  performed 
at  frequencies  (f^fj)  close  to  a  previously  estimated 
f  (starting  from  f„).  Amplitudes  of  both  S, , 

measurements  lead  to  a  new  determination  of  f  .  In  most 
cases,  three  iterative  pairs  of  Sli  measurement  give 
the  location  of  f0. 

A  run  of  N  measurements  is  performed  at  frequencies 
around  f  (K— 9  in  most  applications).  Each  measurement 
is  nude  of  the  set  of  four  8  parameters.  For  each 
frequency  of  the  run,  the  calculator  computes,  by  (5), 
the  compensated  S  matrix,  and  then  the  Y  matrix.  Both 
Y12  end  Y21  are  used  to  give  a  pair  of  l _ 

w 

experimental  points  at  each  frequency  step. 


Typical  measurement  results  are  presented  in  figures  12 
tol4  . 

SC  20C  MHz  fundamental 
AT  60C  KHz  fundamental 
BT  1,060  GHz  F/5 


figure 

figure 

figure 

figure 
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AT  1,9  GHz  P/3. 


In  each  figure',  stars  indicate  1  calculated  from 

"e77? 

Y12  and  Yjj,  and  the  solid  curve  gives  the  parabolic 
curve  fitted  on  the  2N  points. 

All  of  these  crystals  ware  manufactured  by  CBFB.uslng 
the  now  well  known  ion  beam  milling  technique 
(fig.  15). 


V  -  DISCUSSION 

One  can  rake  a  comparison  between  the  two  methods 
described  above,  and  with  the  IEC  V  network  method. 


Table  III  gives  the  results  of  measurements  on  70  MH* 
fundamental  mode  AT  cut  crystals. _ ^ 


Zero  Phase 
Tr  Network 

1  /  G 

Tf  Network 

1  /  G 

S  parameters 

Frequency  (Hz) 

69960648 

7.10-8*** 

69960618 

5.10-8''  ’ 

69960642 

3.10-8^ 

Resistance  (a.) 

9.89 

O.Sl^ 

5791 

0.2T(^ 

9.6') 

0.2T(*> 

Inductance  (mH) 

2.705 

1.2*<*> 

2.680 

0.3T<*) 

2.701 

0.2H(A) 

Q  factor 

120230 

118880 

122780 

(*)  :  dispersion  on  S  measurements 


Table  111 


Table  IV  gives  the  industrial  result  of  such  crystals, 
based  on  thousand  of  units  manufactured,  and  measured 
by  the  above  methods.  _ _ _ _ 


Initial 

tolerance 

R  (a) 

L  (mK) 

D 

BSD 

EflSI 

EBB 

93000 

Table  IV 


Table  V  gives  a  comparison  between  Y  transmission  and 
S-Y  methods  measurements  performed  on  181,666  MBs  AT 
cut  crystals,  for  5  successive  measurements  (  in 
amblant  air). 


Y.  transmission 

S.  Y 

F 

181  665  819,2  t  20  Hz 

181  666  128,5  -  10  Hz 

R 

104,1  t  0,25  a. 

101,9  -  0.1  a. 

L 

5.284  ?  0.02  mH 

5.431  t  0.03  mH 

Table  V 


Between  both  methods,  disagreement  in  Lx  and  Rj 
is  smaller  than  2  %  and  frequency  errors  (~2  ppm) 
are  probably  due  to  differences  in  temperature 
during  each  run  of  measurements. 


CONCLUSION 

He  have  described  a  fully  prograanable  equipment, 
allowing  automatic  calibration  and  measurement 
procedures.  Suitable  programs  allow  to  choose  the 
best  conditions  in  order  to  reach  a  given  accuracy 
in  the  minimus  time.  General  method  is  usable  from 
Kit  to  GH*  range. 

The  described  procedure  leads  to  the  serie  arm 
characterisation.  Independant  of  Co  and  stray 
capacitances.  Without  any  compensation  circuit, 
it  allows  the  measurement  of  crystals  which  do  not 
show  sero  phase  response.  It  is  also  possible  to 
detect  anomalies  in  frequency-phase  curve  or  to 
characterise  a  crystal  at  a  given  phase  offset. 


Typical  values  are  reported  up  to  CHx  range. 

At  1  OK*  QF  product  as  high  as  30  10^  is  obtained 
with  BT  cut  fifth  overtone.  QF  products  of  AT  cut 
are  between  6  1012  (fundamental)  and  13  10*2 

These  results  seem  to  be  the  greater  Q  value  which 
can  be  obtained,  even  by  SAW  or  composite  devices, 
in  this  GHz  frequency  range. 
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Abstract 

'  “^Several  three-dimensional  models  have  been  de¬ 
veloped  for  explaining  the  characteristics  of  compo¬ 
site  resonators.  The  agreement  between  the  resonance 
spectra  predicted  by  the  models  and  the  experimental 
data  is  excellent,  inlcudlng  spurious  resonance  fre¬ 
quencies.  The  size  and  geometry  of  the  resonator  la 
found  to  be  directly  responsible  for  the  spurious  reso¬ 
nances,  and  to  be  Important  for  the  principal  reso¬ 
nances.  A  significant  relationship  between  resonance 
frequencies  and  material  properties  has  been  found, 
and  its  implication  is  discussed,  — 

1  Introduction 


Bulk  acoustic  wave  resonators  on  a  silicon  sub¬ 
strate  with  fundamental  frequency  in  the  VHF/UHF  range 
have  been  developed  by  several  groups. ^  Although 
proto-types  have  been  successfully  fabricated,  they 
all  exhibited  the  undesirable  feature  of  spurious  reso¬ 
nances.  The  main  purpose  of  this  work  is  to  understand 
the  origin  of  the  spurious  resonances,  so  that  means 
for  their  effective  control  can  be  found. 

The  composite  resonator^  consists  of  a  thin 
silicon  membrane  etched  out  of  a  block  of  silicon  to  a 
thickness  of  a  few  microns,  with  a  sputter-deposited 
piezoelectric  ZnO  film  of  comparable  thickness.  At  the 
top  and  bottom  of  the  piezoelectric  film,  thin  elec¬ 
trode  layers  are  located  to  excite  the  resonator.  The 
shape  of  the  top  electrode  is  typically  circular  or 
rectangular.  To  analyze  the  resonator,  an  equivalent 
circuit  modell  (which  is  strictly  one-dimensional),  or 
a  two-dimensional  model 2  had  been  employed.  The  one- 
dimensional  model  did  predict  y  series  of  principal 
resonance  frequencies  but  it  failed  to  account  for 
spurious  resonances  which  were  observed  experimentally. 
The  mentioned  two-dimensional  model,  however,  shoved 
only  the  qualitative  structure  of  the  spectrum. 

A  realistic  three-dimensional  model-*  which  we  have 
developed  clearly  shoved  good  quantitative  agreement 
with  an  experimental  measurement.  To  represent  the 
composite  nature  of  the  resonator  more  accurately,  we 
have  developed  our  earlier  model  further  so  that  it  now 
consists  of  two  different  places  Joined  together.  With 
minor  adjustments,  we  were  able  to  obtain  essentially 
the  same  spectrum  as  in  the  single-plate  model,  which 
had  checked  well  with  experiment.  This  agreement 
implies  greater  significance  for  the  model  since  each 
individual  material  property  is  directly  related  to  the 
resonance  frequencies. 

In  the  following  section,  a  brief  description  of 
the  single  plate  model  is  furnished, and  is  extended  to 
the  development  of  a  coupled-plate  model.  A  comparison 
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of  its  predictions  with  experimental  data,  and 
discussions  will  be  given  in  section  3. 

2  Three-dimensional  model 


A.  Rectangular  plate  model 

This  model  will  best  represent  resonators  with  a 
rectangular  top  electrode.  As  in  the  disc  model^  which 
we  developed  previously,  the  single  homogeneous , 
isostropic  elastic  plate  Is  assumed  to  have  side 
lengths  2a  and  2b,  and  thickness  2L.  The  origin  of  the 
coordinates  is  at  the  center  of  the  plate.  The  displa¬ 
cement  vector  u  can  be  expressed^  in  terms  of  a  scalar 
potential  0  and  a  partial  displacement  u': 


with 


u  -  *70  +  u 


V.u  -  0. 


(1) 


Considering  only  symmetric  displacements  with  respect 
to  the  z  »  0  plane,  we  have 
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CL  and  Gy,  being  longitudinal  and  transverse  wave  speeds 
in  the  plate. 

To  satisfy  the  stress-free  condition  on  the  t  >tl 
surfaces  for  all  x  and  y,  q.  has  to  be  equal  to  kt  and 
q 4  equal  to  kt  ,  Then  we  obtain  the  characteristic 
equation 
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3  Results  and  Discussion 
3 

As  we  had  found  before  ,  the  boundary  conditions 
on  the  side  surfaces,  Eqa.  (7a)  and  (7b),  have  little 
effect  on  the  resonance  frequency  spectrum,  giving  at 
most  a  few  MHz  (~1X)  shifts.  We  thus  employed  the 
tangential  stresa-free  condition,  Eq.  (7b),  throughout 
our  calculation. 


Here  kj  and  k^  are  determined  from  the  boundary  con¬ 
ditions  on  the  x  *±a  and  y  *ib  surfaces,  re¬ 
spectively.  Satisfying  TXK  *  0  or  uh"  u#  •  0  at 
x  ■  i  a  leads  to  ’ 

fci  aj7rri  (5a) 

the  ■  0  or  u„“  0  condition  leads  to 

*1  *  ~€L  (5b) 


Similar  equations  for  k^  are  obtained  by  satisfying 
boundary  conditions  on  the  y  -  ±  b  surfaces: 


or 


k; L 
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where  m  and  n  are  integers. 

As  the  frequency  equation  (6  )  depends  only  on 
2  2 

k  ,*k  j  ,  the  condition  can  be  suomarlzed  in  the 
following  way. 


For  T"**  *s  •  O: 


(7a) 


and  for  as  TT 
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Fig.  1  Experimental  frequency  spectrum  of  bulk-acoustic 
wave  resonator  (filter). 

Figure  1  shows  the  measured  spectrum  of  a  filter6 
with  silicon  thickness  of  5.6fain,  zinc-oxide  thickness 
of  2.47p,m,  and  rectangular  top  electrodes  (254x508fam) 
spaced  12ftm  from  each  other.  There  appears  a  funda¬ 
mental  resonance  at  425  MHz  which  is  trailed  toward  the 
lower-frequency  side  by  a  series  of  smaller  spurious 
resonances.  Weak  indications  of  a  first  overtone  and 
its  spurious  frequencies  are  evident  around  445  MHz; 
they  appear  far  more  distinctly  in  other,  unpublished 
work  of  Grudkowskl  et  al. ,  Ref.  1.  To  model  this 
spectrum,  we  first  used  a  single  rectangular  plate  model 
with  the  same  area  dimension  as  the  electrode,  and  a 
thickness  of  8.1|*.m.  Effective  velocities  adopted  were 
C.  “  7160  m/sec  and  “  »  3443  m/sec,  assuming 

2  CT<  CL  .  These  values  were  obtained  in  the  limiting 
case  of  Eq.  (4)  when  the  plate  becomes  infinite,  and 
fixing  the  principal  frequencies  at  425  and  442  MHz. 
Different  values  of  2 1.  and  2-  are  obtained  if  we 
assume  2  Sr  >  ,  but  the  predicted  spectra  are  the 

same. 


B.  Coupled-plate  model 

This  model  asstnses  two  plates  of  different 
materials,  joined  together  like  the  actual  composite 
resonator.  Coupled  discs  and  coupled  rectangular 
plates  may  represent  composite  resonators  with  a  circu¬ 
lar  top  electrode  and  with  a  rectangular  electrode, 
respectively.  The  displacement  vectors  are  similar  in 
form  as  in  single  disc  or  rectangular  plate  model. 
However  there  is  one  more  boundary  surface  to  be 
considered.  The  displacements  and  stresses  are  con¬ 
tinuous  across  the  junction  plane.  This  leads  to  8  x  8 
determinant  equations  for  the  disc  model  and  12  x  12 
determinant  equations  for  the  plate  model.  The  detailed 
equations  will  be  published  elsewhere*.  The  boundary 
conditions  on  the  side  surfaces  are  assumed  to  be  the 
sane  as  in  the  single-plate  model. 


385  405  425  445  465 

MHz 


Fig.  2  Theoretical  frequency  spectrum  from  an  effective 
single  rectangular  plate  resonator.  The  di¬ 
mension  of  the  plate  is  254x506x8.  lju.  a. 
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Figure  2  Is  the  spectrum  of  the  rectangular  plate 
model.  The  number  of  spurious  #esonance  frequencies 
has  Increased  considerably,  comparing  with  that  of  the 
disc  model However,  the  agreement  with  the  data 
(Fig.  1)  Is  better.  Not  only  do  the  major  peaks 
coincide  with  the  predictions,  but  also  the  smaller 
wiggles  on  the  lower  frequency  side  are  seen  to  agree. 
This  was  to  be  expected,  since  the  rectangular  plate 
should  better  represent  the  resonator  with  a  rectangu¬ 
lar  electrode  than  the  disc  model. 

Next,  we  Improved  the  model  further  by  joining  two 
platesof  different  materials,  just  like  the  composite 
resonator  itself.  The  Cf  and  C^  values  for  each 

material  can  be  directly  inserted  for  the  appropriate 
plate  with  the  relevant  geometric  dimensions.  In  this 
way  the  relationships  between  resonance  frequencies  and 
individual  material  properties  can  be  explored.  The 
plate  thicknesses  used  In  the  model  are  a  priori  the 
same  as  those  of  the  composite  resonator.  A  value  of 
0.3yu.m,  however,  was  added  to  ZnO  thickness  to 
simulate  the  effect  of  electrode  thickness.  The 
predicted  resonance  frequencies  were  somewhat  higher 
than  the  observed  ones.  This  may  be  due  to  the  aniso¬ 
tropic  property  of  materials  used  in  the  real  resonator 
while  the  model  was  assumed  to  be  isotropic.  Reducing 
now  C  -p  of  ZnO  and  Si  uniformly  by  11.72,  we  could  get 
satisfactory  agreement  with  the  data. 


MHZ 

Fig.  3  Theoretical  frequency  spectrum  frcmthe  coupled- 
disc  model  (radius  -  250p.m). 

Figure  3  is  the  predicted  spectrum  of  our  coupled- 
disc  model.  This  turns  out  to  be  almost  identical  with 
the  results  of  the  single  disc  model^. 

In  the  mentioned  fitting  procedure,  It  was  found 
that  the  fundamental  frequency  and  Its  spurious 
frequencies  are  very  sensitive  to  longitudinal  velocity 
changes.  On  the  other  hand,  the  first  overtone 
frequency  and  Its  spurious  frequencies  are  strongly 
sensitive  to  the  change  of  transverse  velocities.  This 
simply  tells  us  that  the  effective  <  2?T  . 

Physically  this  discovery  reveals  relationships 
important  for  the  basic  design  of  the  composite  reso¬ 
nator.  If  5^  “2C_,  the  fundamental  and  first  overtone 
frequencies  coincide,  with  their  spurious  frequencies 
being  spread  on  both  sides.  If  C1_>  2  ?T  the  opposite 
phenosMmon  (l.e.  the  fundamental  frequency  being  sensi¬ 
tive  to  Cy  and  the  first  overtone  frequency  being 
sensitive  to  C^)  will  occur. 


Our  coupled  rectangular-plate  model  prediction  Is 
shown  In  Fig.  4. 


Fig.  4  Theoretical  frequency  spectrum  from  the  coupled 
rectangular  plate  model  (254x508|*-m)  • 

The  area  of  the  rectangle  is  taken  the  same  as 
that  of  the  resonator,  and  the  thicknesses  were  chosen 
in  the  same  way  as  In  the  coupled-disc  model.  As  we 
have  seen  In  Fig.  2,  a  large  number  of  spurious  reso¬ 
nance  frequencies  are  predicted.  They  are  very  similar 
to  the  case  of  the  single  plate  model  (Fig.  2).  The 
agreement  with  the  data  is  again  excellent. 

The  effect  of  ZnO _and  Si  thickness  ratio  varia¬ 
tions  on  the  values  of  CL  and  should  be  interes¬ 
ting,  and  will  be  investigated  In  the  future  since  they 
have  physical  significance  in  controlling  the  spurious 
resonance  frequencies.  Also,  the  mode  functions 
associated  with  the  fundamental  and  the  first  overtone 
may  be  affected  by  the  thickness  ratio. 

In  conclusion,  a  series  of  models  have  been  used 
to  predict  resonance  frequencies  and  the  agreements  with 
experimental  data  are  excellent.  The  coupled-plate 
model  closely  represents  the  resonator  and  the  direct 
relationship  of  resonance  frequencies  with  individual 
plate  sound  velocities  and  geometric  configuration  yield 
Important  information  for  controlling  unwanted  modes. 
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ANALYSIS  OF  COMPOSITE  RESONATOR  GEOMETRIES 
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— ^Composite  resonators  and  other  thin  film 
piezoelectric  acoustic  devices  are  often  com¬ 
posed  of  complex  geometrical  shapes  which  in¬ 
turn  may  be  made  up  of  inhomogeneous  material 
regions.  Analytical  solutions  for  the  mode 
spectrum  of  such  structures  using  perturbat¬ 
ion  theory  or  normal  mode  expansions  must 
make  approximations  which  may  depart  signifi¬ 
cantly  from  the  real  problem.  Particularly, 
at  microwave  frequencies  it  may  be  inapprop¬ 
riate  to  neglect  the  finite  thickness  of  the 
electrode  metalization  and  treat  it  as  an 
equivalent  mass  such  as  done  for  low  frequency 
resonators.  In  composite  resonators  having 
P+  diffused  silicon  membranes  the  impurity 
diffusion  profile  and  associated  carrier  dist¬ 
ribution  cause  the  material  to  be  inhomogen¬ 
eous  . 

In  order  to  treat  a  general  class  of 
piezoelectric  excitation  problems  a  new  finite 
difference  formulation  of  the  general  two 
dimensional  coupled  piezoelectric  wave  equat¬ 
ion  has  been  derived.  The  formulation  allows 
for  three  displacement  components  and  the 
electric  potential  having  propagation  in  two 
dimensions.  Cases  of  obvious  material  symmet¬ 
ry  reduce  the  complication  of  the  formulation 
accordingly. 

The  formulation  is  unique  in  that  the 
essential  physical  nature  of  the  problem  is 
not  masked  by  the  numerical  analysis  procedure. 
The  finite  different  equations  are  in  the  five 
point  configuration  having  a  central  point 
and  four  nearest  neighbor.  The  coupled  diff¬ 
erence  equations  describing  the  motion  of  the 
central  point  are  in  the  form  of  the  usual 
eigenvalue  christoffel  equations  having  near¬ 
est  neighbor  mesh  points  as  apparent  sources. 


Composite  resonators  represent  a  new 
class  of  VHF -microwave  piezoelectric  devices 
that  show  considerable  promise  as  fundamental 
mode  resonators  and  as  filter  building  blocks.! 
A  major  problem  with  such  devices  has  been  the 
complicated  nature  of  the  spurious  responses 
exhibited  by  the  resonators  when  employing 
c~axis  normal  films  for  wave  generation.  That 
film  orientation  generates  a  complex  set  of 
Lamb  and  flexure  waves  in  the  composite  plate 
structure  that  is  difficult  to  analyze  analyt¬ 
ically.  However,  some  simple  geometrical 
configurations  have  been  analyzed  using  plate 
wave  mode  expansions  to  satisfy  simplified 
boundary  conditions.2*’ 

It  is  the  purpose  of  the  study  reported 
here  to  formulate  a  very  general  approach  to 
solving  complicated  boundary  value  problems 
under  conditions  of  arbitrary  material  anis¬ 
otropy  and  boundary  configurations.  Typical 
boundary  configurations  that  might  be  expected 
in  composite  resonators  are  shown  in  Fig  1. 

This  figure  is  meant  to  represent  a  composite 
of  possible  boundary  shapes,  including  abrupt 
termination  of  the  piezoelectric  layer,  and 
is  not  suggesting  a  particular  device  design. 
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In  addition  to  having  complex  boundaries  the 
•"sterial  may  also  be  inhomogeneous  as  in  the 
p+  silicon  membranes.  Because  coupled  resonat- 
or  filters  play  such  an  important  role  in 
conventional  filters  it  was  felt  that  the  an¬ 
alysis  technique  should  be  able  to  determine 
filter  response,  and  network  scattering  par¬ 
ameters  as  well  as  mode  distributions.  The 
final  result  will  be  equivalent  circuits  to 
aid  in  device  design. 

Because  of  the  complicated  boundary  shapes 
in  real  devices  it  was  decided  to  use  a  numer¬ 
ical  analysis  formulation  which  would  describe 
the  material  as  being  composed  of  a  finite 
continuum  with  a  superimposed  mesh  or  grid 
where  field  values  are  to  be  calculated.  For 
the  general  case  of  arbitrary  crystal  anisotr¬ 
opy  and  up  to  four  field  components,  a  finite 
difference  equation  approach  was  adopted  to 
approximate  the  differential  equations  rather 
than  a  finite  element  formulation  using  a  free 
energy  minimization.  The  finite  difference 
formulation  allows  the  boundary  conditions  to 
be  met  in  a  clear  physical  manner  just  as  they 
would  be  derived  from  the  initial  field 
equations . 

Although  one,  two,  and  three  dimensional 
formulations  are  under  study,  only  the  two 
dimensional  formulation  is  discussed  in  detail 
in  this  paper. 

II  Theory 

The  theoretical  development  of  the  finite 
difference  formalism  starts  from  the  general 
point  form  linear  elastic  equations  for  a 
region  of  arbitrary  anisotropy, 

NEWTON  'S  SECOND  LAW 
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CONSTITUTIVE  RELATIONS 
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For  resonator  analysis  the  time  harmonic  assum¬ 
ption  is  employed  although  there  are  numerical 
methods  for  solving  the  time  dependent  wave 
equation  as  well. 4-6  Newton’s  second  law  in 
the  point  form  and  Gauss’s  Law  form  a  set  of 
four  differential  equation  coupled  through 
constitutive  relations  as  indicated. 

There  are  numerous  methods  used  to  solve 
this  set  of  equations,  in  the  presence  of  boun¬ 
daries,  using  expansions  in  partial  waves,  plate 
waves,  power  series,  or  perturbation  methods. 
Given  the  complexity  of  the  boundary  conditions 
anticipated  with  composite  resonators  a  numeri- 

^enCe,aPSr°aCh  haS  chosen. 

Some  simplification  of  the  problem  may  be  had 
by  initially  restricting  the  problem  to  two 
dimensions.  The  2D  plane  will  be  the  xj,  xj 
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plane  with  X3  normal.  No  spatial  variations 
are  allowed  along  X3  and  accordingly  the  lin¬ 
ear  differential  equations  for  (1)  may  be 
written  as, 
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then, 
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Note  that  the  L.H.S.  of  (1)  has  been  expanded 
for  i*l,2  and  written  so  that  the  identifica¬ 
tion  in  (6-8)  can  be  made.  The  result  of 
having  (6)  in  the  form  of  a  curl  operation 
allows  a  direct  integration  using  Stokes  Theo- 
rm  to  reduce  the  L.H.S.  by  one  order, 

(9) 

let 

Js  —  3  dS  -  3  d%<  dx  2. 


form  of  the  difference  equations  does  not 
depend  on  the  detailed  nature  of  the  mesh. 

The  R.H.S.  area  integral  of  (10)  is  the 
simplest  to  carry  out  when  the  fields  within 
the  area  element  are  assumed  to  be  given 
approximately  by  the  fields  at  (I,J).  The 
result  is, 

-wfp0irs 

where  the  term  in  square  brackets  is  just  the 
total  mass  (per  unit  depth).  Note  that  (2) 
does  not  have  a  corresponding  R.H.S.  and  so 
that  area  integral  is  zero. 

The  L.H.S.  integrals  in  (10)  are  some¬ 
what  more  complicated  because  the  stress  must 
be  described  in  terms  of  spatial  derivities 
of  u^  along  each  path.  The  line  integrals 
are  of  the  form 
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where  the  integration  limits  denote  the  vari¬ 
ous  line  segments  in  the  four  material  regions 
Fig  3.  Note  that  L.H.S.  of  (2)  is  treated  the 
jane  way  as  L.H.S.  (1)  so  that  the  vector 
Q(j)  takes  on  a  more  general  form 
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The  complex  L.H.S.  area  integral  is  simply 
reduced  to  a  line  integral  of  the  stress  comp¬ 
onents  around  a  closed  path  in  the  1,2  plane. 

Of  course,  in  order  to  do  the  integrals  the 
fields  must  be  known  or  assumed  to  have  a  giv¬ 
en  form,  series  expansion,  etc.  Physically 
these  integrals  correspond  to  finding  the  net 
force  on  the  material  region.  One  form  of 
finite  difference  (FD)  formulation  is  to  break 
the  region  of  interest  into  a  set  of  finite 
points  or  mesh  elements  with  each  element 
identifying  a  small  localized  region  of  the 
material. 

The  rectangular  grid  region  is  shown  in 
Fig  3  representing  a  small  localized  part  of 
1,2  plane.  The  grid  spacings  are  generalized 
to  hi,h2.h3,h4  as  shown.  The  symbols  ©,  @> 
@»  €)  denote  respectively  each  of  four  mater¬ 
ial  regions  surrounding  the  central  mesh  point 
(1,J).  For  generality  the  four  regions  are 
assumed  to  have  different  material  properties 
to  allow  eventual  handling  of  complex  material 
boundaries.  The  nearest  neighbor  field  points 
to  the  central  point  (I,J)  are  (I-1,J),  (I,J-1) 
(I+1,J),  and  (I,J+1).  These  mesh  points  are 
shaded  for  emphasis . 

Looking  ahead,  such  a  rectangular  grid 
will  give  a  "five  point"  set  of  difference 
equations  when  fields  along  the  dashed  integ¬ 
ration  path  are  described  by  the  central  point 
and  its  nearest  neighbors.  A  hexagonal  mesh 
would  be  composed  of  triangular  regions  in  a 
seven  point  difference  equation.  The  triang¬ 
ular  mesh  allows  a  more  accurate  description 
of  non-rectangular  boundaries  and  can  be 
distorted  to  represent  rectangular  boundaries 
as  well.  As  will  be  apparent,  the  basic  matrix 


where  U4  is  the  electrical  potential.  The 
material  tensors  A,B,C,D  are  defined  by 
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Each  tensor  is  given  in  terms  of  the  usual 
reduced  subscript  material  tensors  and  are 
partitioned  by  the  dotted  lines  to  identify 
those  regions  associated  with  Laplaces  equat¬ 
ion  only,  the  wave  equation  without  piezoelec¬ 
tric  coupling,  and  finally  the  piezoelectric 
coupling  coefficients.  Symmetry  conditions 
will  obviously  reduce  the  complexity  of  these 
tensors. 
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The  line  integrals  are  actually  composed 
of  16  terms  for  each  of  4  equations  in  4  reg¬ 
ions  for  a  total  of  256  integrals.  Fortunate¬ 
ly,  the  integrals  are  of  only  two  different 
forms,  as  may  be  seen  by  dropping  most  sub¬ 
scripts  and  superscripts. 


The  above  matrix  form  for  the  finite 
difference  equations  holds  at  each  point  in 
the  mesh.  Physically,  the  fields  at  a  given 
mesh  point  are  viewed  as  being  driven  by  the 
nearest  neighbor.  This  matrix  description  has 
the  expected  form  of  a  driven  vibration  prob¬ 
lem.  The  dashed  lines  in  the  matrix  separate 
those  parts  coupled  by  piezoelectricity.  Simp¬ 
lifying  examples  will  be  given  later. 


In  order  to  carry  out  the  integrals  the 
fields  must  be  known  or  assumed  along  a  given 
path.  Terms  having  the  A  and  D  coefficients 
integrate  directly  while  the  B,  C  terms  requ¬ 
ire  that  the  derivities  be  described  in  terms 
of  the  local  fields.  For  example,  in  the  path 
a-b.  Fig  3,  the  derivative  is  approximated  by 
its  finite  difference, 

4a  _  u(I.J*l)-u(I.J) 

3xi  hi 

while  the  endpoints  are  approximated  by 

u(a)  =  (u(I,J+l)+u(I,J))/2 
u(b)  =  (u(i,j-l)'tu(I-l,J  )/2. 

When  the  various  line  segments  are  integrated 
and  summed,  shile  identifying  material  tensors 
with  an  appropriate  region  superscript,  the 
resulting  set  of  difference  equations  is 
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within  the  mesh  any  point  also  influences 
its  neighbors  and  so  the  vector  on  the  R.H.S. 
of  (11)  is  not  a  constant  except  for  some 
terms  at  driven  excitation  points.  Consequent¬ 
ly,  for  interior  points  (11)  must  be  written 
as  a  homogeneous  set  of  equations,  one  set  for 
each  point  in  the  mesh.  There  will  then  be  as 
many  coupled  equations  as  there  are  unknown 
field  quantities.  Such  a  set  typically  forms 
the  square  but  sparcely  populated  matrix  hav¬ 
ing  non-zero  coefficients  clustered  along  the 
diagonal. 


The  dots  represent  non-zero  matrix  elements. 

There  is  an  art  to  labeling  the  mesh  with 
a  sequence  of  indices  such  that  the  matrix  has 
a  small  "bandwidth"  (clustered  tightly  about 
the  diagonal) .  Solution  of  the  equations  is 
efficiently  carried  out  by  Gaussian  elimination 
followed  by  back  substitution  or  other  maaeric- 
al  methods. 

A  very  simple  example  is  for  a  one  dim- 
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ensional  resonator  whose  finite  difference 
matrix  is  of  the  form 


U<n  V<2J  U<2>  V<3>  IK3>  V<  4)  U<4>  VCS)  U(S) 


where  a,b,A  and  R  are  non-zero  constants  and 
U  and  V  are  the  displacement  and  electric 
potential  respectively.  Only  the  upper  left 
corner  of  the  matrix  is  shown.  Note  that  V(l) 
is  the  known  boundary  potential,  and  so  would 
appear  on  the  R.H.S.  of  the  equations.  The 
remaining  unknowns  are  taken  in  pairs  corresp¬ 
onding  to  each  mesh  point.  The  matrix  is 
relatively  well  banded  and  only  the  non-zero 
elements  need  be  stored.  The  solution  actual¬ 
ly  is  carried  out  by  performing  the  Gaussian 
elimination  (matrix  all  zero  below  the  diag¬ 
onal)  as  the  matrix  is  built.  The  matrix 
remains  zero  in  the  upper  diagonal  region 
above  the  diagonal  row  of  ones.  An  inapprop¬ 
riate  labeling  or  ordering  of  the  equations 
could  result  in  a  much  larger  matrix  that 
might  be  too  large  to  store  in  computer  mem¬ 
ory. 


In  Fig  4  is  shown  a  case  where  a  one 
dimensional  resonator  was  analyzed  for  a  freq¬ 
uency  near  the  fifth  overtone  using  5l  mesh 
points  (50  segments  of  material).  The  sinu¬ 
soidal  variation  of  the  displacement  is  clear¬ 
ly  brought  out  by  the  fine  mesh.  Using  only 
11  mesh  j  )ints  the  finite  difference  equations 
are  not  able  to  resolve  the  high  spatial  freq¬ 
uencies  of  the  overtone  resonance.  Fig  5. 


The  two  dimension  problem  proved  to  be 
too  large  for  the  desk  calculator  that  carried 
out  the  ID  analysis  results  shown  in  Fig  4  and 
5.  Consequently  the  entire  problem  is  being 
moved  to  a  computer  capable  of  handling  the 
larger  and  complex  variables  matrix.  Results 
for  the  two  dimensional  case  will  be  reported 
later . 


Within  the  bulk  of  a  homogeneous  material 
the  difference  equations  greatly  simplify. 

For  example,  in  the  case  of  6mm  symmetry  hav¬ 
ing  c-axis  perpendicular  to  the  1,2  plane 
(horizontal  shear)  and  for  a  square  grid  of 
spacing  h,  the  piezoelectrically  coupled 
difference  equations  reduce  to 

*j£r  T)_  Ui 4  (xw ; 7 ) 

U¥(2j7)  - 


where  *4  *  **  £ 

The  case  for  zero  frequency,  k  =  0,  reduces 
to  the  simple  difference  equations  for 
Laplaces  equation  for  both  the  electrostatic 
and  mechanically  static  case.  The  grid  size 
is  normalized  by  the  acoustic  wavelength  and 
may  be  chosen  for  as  few  as  20  cells  per 
wavelength.  The  finite  difference  equations 
for  boundary  terms  are  more  complicated  and 
must  be  derived  for  each  specific  case. 

III  Summary 

A  finite  difference  formulation  of  the 
general  anisotropic  piezoelectric  coupled  wave 
equations  has  been  derived  for  the  analysis 
of  complex  composite  resonator  boundary  value 
and  excitation  problems.  The  difference 
equations  form  a  coupled  set  of  four  equations 
describing  fields  at  each  element  in  the  mesh. 
The  physical  form  of  the  equations  show  that 
a  central  mesh  point  is  driven  by  its  nearest 
neighbors  as  would  be  expected  from  physical 
considerations.  When  expanded  the  difference 
equations  can  be  written  in  the  form  of  sparce 
banded  set  of  equations  whose  solution  is 
readily  obtained  by  well  known  means. 

The  formulation  is  much  more  general  than 
that  required  by  the  resonator  boundary  value 
problem.  The  formulation  and  solution  tech¬ 
nique  should  be  applicable  to  a  wide  class  of 
excitation  and  acoustic  scattering  problems 
in  arbitrarily  anisotropic  and  inhomogeneous 
materials  with  complex  boundaries. 

A  three  dimensional  version  of  the  form¬ 
ulation  is  under  investigation.  Although 
mathmatically  more  complicated,  the  3D  form¬ 
ulation  follows  the  derivation  of  the  linear 
elastic  equations  from  classical  mechanics 
and  accordingly  the  physics  is  somewhat  clear¬ 
er  than  in  the  two  dimensional  case. 
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Fig  1.  General  configuration  of  a  composite 
resonator  using  a  silicon  p *  membrane.  Other 
configurations  might  be  composed  of  other 
material  combinations. 


Fig  4.  Numerical  result  for  a  one  dimensional 
resonator  operated  near  fifth  overtone.  The 
51  point  sampling  grid  adaquately  resolves  the 
field. 


Fig  2.  Illustration  of  some  geometrical 
boundary  configurations.  Slanting  and  abrupt 
boundaries  are  of  interest  as  well  as  in  homo¬ 
geneous  material  properties  other  than  abrupt 
junctions. 
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Fig  5.  Some  conditions  as  in  Fig  4  except 
only  eleven  sampling  points  are  used.  Although 
suitable  for  the  fundamental  resonance,  there 
are  too  few  points  for  the  high  spatial  freq¬ 
uencies  of  the  overtone. 


Fig  3.  A  rectangular  sampling  grid  in  the 
1,2  plane  shoving  the  method  of  labeling 
mesh  points  and  material  regions.  The  line 
integral  is  carried  out  along  the  a-b-c-d-e- 
f-g-h-a  path  and  the  area  integral  within 
the  region  defined  by  the  line.  The  encircled 
msnbers  denote  the  four  material  regions. 
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vf*  Abstract 

has  recently  been  shown  that  highly  uniform 

O  thin  layers  can  be  etched  in  a  small  well-defined 
region  of  a  silicon  wafer  and  that  good  quality  thin 
piesoelectric  films  such  as  zlnc-oxlde  can  be  deposited 

O  along  with  the  electrodes  to  form  high  frequency  trapped 
energy  resonant  device  structures.  The  accompanying 
*  analytical  work  has  been  for  pure  thickness  vibrations 
only.  In  this  work  an  analysis  of  essentially 
thickness -extensional  trapped  energy  nodes  in  the  thin 
piezoelectric  film  on  silicon  composite  structure  is 
ry  performed.  It  is  shown  that  for  small  wavenissbers 

along  the  plate  the  dispersion  equation  la  isotropic  in 
the  plane  of  the  plate  even  though  the  silicon  is 
severely  anisotropic  in  that  plane.  From  the  resulting 
dispersion  relation  an  asymptotic  differential  equation 
describing  the  mode  shape  along  the  surface  of  the  com¬ 
posite  plate  vibrating  in  the  vicinity  of  a  thickness- 
extensional  resonance  is  obtained  along  with  the  assoc¬ 
iated  edge  conditions.  HHnce  the  mode  is  essentially 
thlckness-extenslonal,  crapping  does  not  usually  occur 
in  the  electroded  region  for  the  fundamental  mode  of 
the  flat  composite  plate.  However,  by  appropriately 
thickening  the  silicon  outside  the  electroded  region 
trapping  in  the  electroded  region  can  be  made  to  occur 
for  the  fundamental  mode.  Furthermore,  in  the  case  of 
zinc-oxide  on  silicon,  trapping  in  the  electroded 
region  can  be  made  to  occur  for  the  fundamental  mode  of 
a  flat  plate  simply  by  sulking  the  zinc-oxide  suffi¬ 
ciently  thicker  than  the  etched  silicon.  The  a fore - 
mentioned  asyzqitotlc  differential  equation  and  edge 
conditions  are  applied  in  the  analysis  of  the  steady- 
state  vibrations  of  trapped  energy  resonators  with 
rectangular  electrodes  and  a  limped  parameter  repre¬ 
sentation  of  the  admittance,  which  is  valid  in  the 
vicinity  of  a  resonance,  is  obtained.  The  analysis 
holds  for  all  thlckness-extenslonal  modes  and  their 
accompanying  lateral  overtones. 

1.  Introduction 

Recently,  it  has  been  shown1 ”s  that  highly  uniform 
thin  layers  can  be  etched  in  a  small  well-defined 
region  of  a  silicon  wafer  and  that  good  quality  thin 
piesoelectric  films  such  as  slnc-oxlda  can  be  deposited 
along  with  metal  electrodes  to  form  a  high  frequency 
resonant  structure.  Both  single  resonators  end  coupled 
resonator  structures  have  been  fabricated  In  this  way 
end  reasonably  high  Q's  have  been  obtained1'*  for 
assent tally  thlckness-extenslonal  nodes  of  operation. 

As  noted  by  others1'*,  this  enables  the  inclusion  of 
resonators  and  filters  as  pert  of  the  Integrated  cir¬ 
cuit  on  the  same  silicon  chip.  The  analysis  that  has 
acceatpanled  the  experiamntal  work  has  used  equivalent 
circuits.  Which  hold  for  pure  thickness  modes  only  and 
Ignore  the  transverse  behavior  of  the  modes  of  notion. 
However,  the  transverse  behavior  Is  very  Important  for 
calculating  the  precise  frequency  spectra,  the  motional 
capecltanee  and,  perhaps  most  Importantly,  the  limita¬ 
tion  on  0  moulting  from  radiation  into  tha  thick  por¬ 
tion  of  tho  silicon  umfsr. 

Za  this  work  on  snalysls  of  osseot Islly  thickness- 
extern iouel  trapped  energy  nodes  in  the  thin  pieso¬ 


electric  film  on  silicon  structure  is  performed.  The 
analysis  holds  only  whan  trapping  is  present8,  which 
results  in  modes  that  have  the  highest  possible  Q's 
because  virtually  no  energy  ia  radiated  into  the  thick 
portion  of  the  silicon.  Although  considerably  more 
complicated  than  the  earlier  work  because  of  the  com-’ 
poalte  nature  of  the  plate  structure,  this  work  paral¬ 
lels  earlier  work7-9  on  AT-cut  quartz  trapped  energy 
resonators  In  that  the  assimptlon  of  thickness  depend¬ 
ence  of  all  electrical  variables  is  employed  in  obtain¬ 
ing  the  asymptotic  expression  for  the  fundamental  and 
overtone  essentially  thlcknass-extenalonal  dispersion 
relations  in  the  vicinity  of  the  cutoff  frequencies, 
i.e.,for  small  wave-  and  decay  numbers  along  the  plate. 
This  assumption  holds  for  small  piezoelectric  coupling. 
As  in  the  earlier  work7-9,  simple  approximate  edge 
conditions  at  each  junction  between  an  electroded  and 
unelectro ded  region  of  the  plate  are  established.  This- 
work  differs  from  the  earlier  work7-9  in  that  in  the 
earlier  work  the  motion  is  essentially  thickness-shear 
and  here  it  is  essentially  thickness-extension. 

Although  the  fundamental  essentially  thickness-shear 
mode  always  traps  in  the  electroded  regions  of  a  flat 
plate,  the  fundamental  essentially  thlckness-extenslonal 
mode  usually  does  not  trap10  in  the  electroded  regions 
of  a  flat  plate  (composite  or  otherwise) .  However,  by 
making  the  thin  silicon  layer  appropriately  thicker 
outside  the  electroded  region  (in  order  to  make  the 
pure  thickness  frequency  in  the  unelectroded  region 
sufficiently  lower  than  that  in  the  electroded  region) 
trapping  of  the  fundamental  essentially  thlckness- 
extenslonal  mode  in  the  electroded  regions  will  be 
caused  in  the  usual  case  when  it  does  not  exist  for  the 
flat  plate.  Furthermore,  in  the  case  of  the  zinc-oxide 
film  it  la  shown  that  for  sufficiently  thick  zinc-oxide 
relative  to  the  silicon  layer  trapping  in  the  electroded 
regions  will  occur  for  the  flat  composite  plate. 

After  the  pure  thickness  solutions  for  both  the 
unelectroded  and  electroded  composite  plates  are 
obtained, the  full  solution  for  straight -crested  waves 
decaying  along  the  (010)  axis  of  the  silicon  la  obtained 
for  the  unelectroded  composite  plate.  This  case  is 
treated  because  it  la  more  convenient  than  propagating 
waves  in  the  electroded  plate  and  It  has  been  shown  in 
a  airier  case7'8  that  for  small  wavenumbers  along  the 
plate  the  solution  for  propagating  waves  in  the  elec¬ 
troded  piste  can  resdlly  be  constructed  from  the  solu¬ 
tion  for  the  case  treated.  An  asymptotic  expression 
for  the  fundamental  and  overtone  essentially  thlckness- 
extenslonal  dispersion  relations  valid  in  the  vicinity 
of  the  thickness -extent tonal  cutoff  frequencies  is 
determined  from  an  expansion  of  the  foil  solution.  In 
addition,  it  Is  shown  that  the  asymptotic  dispersion 
relation  is  Isotropic  in  the  plane  of  die  composite 
plate.  As  a  consequence,  the  asymptotic  dispersion 
relation  for  atraigbt-ermated  waves  is  readily  extended 
to  waves  having  althar  trigonometric  or  exponential 
create,  as  in  certain  earlier  work11 .  the  approximate 
edge  conditions  to  be  satisfied  at  each  junction 
between  an  electroded  and  unelectroded  portion  of  the 
composite  plate  are  obtained.  Aa  In  aarliar  work7*  * 
tha  eolations  obtained  here  for  the  trapped  energy 
modes  in  the  composite  plate  with  rectangular  electrodes 
satisfy  tha  aquations  to  second  order  in  the  small 
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vavemnbera  along  Che  plate  in  all  regions  except  the 
unimportant  corner  type  region,  in  which  they  are  satis* 
fled  to  first  order. 

The  aforementioned  asyaptotic  dispersion  relations, 
approximate  edge  conditions  and  approach  taken  in 
corner  type  regions  are  employed  in  the  analysis  of 
trapped  energy  resonators.  Lumped  parameter  represent* 
at ions  of  the  admittance  of  Che  trapped  energy  reson¬ 
ator,  which  are  valid  in  the  vicinity  of  the  resonances, 
are  determined. 


The  differential  equations  of  motion  and  electro¬ 
statics  and  linear  piezoelectric  constitutive  equations 
for  the  piezoelectric  film  may  be  written  in  the  tensor 
form13'1* 


Ti  J  ”  ci  jk  A,  1+W,k’ 

Dif-  WkV  ‘  iVfk’  <z-2) 

where  the  notation  is  conventional.  The  equations  of 
motion  and  the  linear  elastic  constitutive  equations 
for  the  silicon  may  be  written  in  the  tensor  form14'13 


tp  «0  at  Xj»0,  (3 

along  with  (2.6)  and  (2.7),  which  remain  unchanged. 
The  quantity  p'  is  the  mass  density  of  the  upper 
electrode. 

3.  Pure  Thickness- Extensions!  Vibrations 


In  order  to  obtain  the  asymptotic  dispersion  rela¬ 
tions  In  the  vicinity  of  the  thickness -ext enslonal 
resonant  frequencies,  we  must  first  obtain  the  solu¬ 
tions  for  the  pure  thlckness-extenslonal  vibrations  of 
the  composite  plate.  Accordingly,  in  this  section  we 
briefly*3  present  the  solutions  to  the  problems  of  the 
pure  thlckness-extenslonal  vibrations  of  the  composite 
plate  without  an  upper  electrode  but  with  a  very  thin 
ground  electrode,  as  shown  in  Figure  2,  and  of  the  com¬ 
pletely  electroded  composite  plate  driven  by  a  voltage, 
as  shown  in  Figure  3. 

For  the  composite  plate  without  an  upper  driving 
electrode  we  have13 

tpf  -  (633/833)  [u*  -  u*(0,  t)  ]  ,  (3.1) 


along  with 


Uj«  (Afcos  T]fX3  +  Bf  sin  T|fx3)e1<Ut  , 


TlJ»l’PUJ'  TiJ*CiJkA,/’  (2-3) 

and  we  note  that  the  equationa  are  too  cumberaoae  to  write 
out  in  detail.  At  this  point  we  Introduce  a  Cartesian 
coordinate  system  Xg,  X,  with  the  x, -axis  normal  to 
the  major  surfaces  of  the  zinc-oxide  film  and  along  a 
cube  axis  of  the  silicon.  Since  zinc-oxide  has  small 
piezoelectric  coupling,  for  small  wave  and  decoy  numbers 
along  the  plate  we  need  retain  only  X,  -dependence  of  all 
electrical  variables  and  we  hove 

D3, 3” 0  *  <2*A) 

Figure  1  shows  a  schematic  diagram  of  a  cross  sec¬ 
tion  of  a  thin  zinc-oxide  film  on  a  thin  silicon  layer 
composite  trapped  energy  resonator.  In  the  unelectro ded 
regions  the  boundary  conditions  on  the  major  surfaces 
are 


’ Jj "  0 '  • 

u> 

R 

O 

at  x3»h2. 

(2.5) 

V®J,0,t  x3-0’ 

(2.6) 

«A 

u 

1 

O 

at  x3  -  -  h*  , 

(2.7) 

whara  the  superscripts  f  and  s  stand  for  the  thin  film 
and  silicon  layer,  respectively,  and  p'  la  the  mass 
density  of  the  ground  electrode.  The  electrical  condi¬ 
tion  in  (2.5)a  ia  a  consequence  of  the  fact  that  the  x1- 
snd  X, -dependence  of  all  electrical  variables  has  been 
left  out  of  account  and  tha  electrical  potential  In 
space  is  bounded  at  Since  the  electrodes  are 

much  thinner  then  either  tha  thin  film  or  tha  layer,  we 
have  employed  approximate  thin  plate  equations1*  for  the 
electrode  plating  in  (2. 6)1,  and  wa  have  nada  use  of  the 
fact  that  the  mechanical  stiffness  of  the  very  thin 
electrode  plating  is  negligible  for  enell  msvenunbete 
along  the  plate.  Slnllerly,  on  the  major  surfaces  of 
the  composite  plate  In  the  electroded  region  the 
boundary  conditions  ere 


u“  -  (A*  cos  yc3  +  B*  s  in  T^)  e  ,  (3.2) 

provided 

_f  „2  f  2  8  _2  s  2  ,, 

c331'f“°  *  »  c331'a“p  ®  »  (3.3) 

where 

S3f3“c3f3+<*.fs>2/*33-  <3‘4> 

From  the  boundary  conditions  (2.5)  -  (2.7)  we  obtain  the 
transcendental  equation13 

tanT)^if+crptantxT'I]^if+R',lljhf«0,  (3.5) 


ft  33p  h*  tV 

’  a  f  >  *  f  *  R  *  f~f 

c33p  h  p*b 


The  roots  T^h*  of  Eq.(3.5)  determine  the  elgenfre- 
quencles  %  of  pure  thlckness-extenslonal  vibrations  of 
the  composite  plate  without  a  driving  electrode  by 
means  of  (3.3)x.  Since  R*  «  1,  it  is  convenient  to 
expand  the  roots  tyhf  of  (3.5)  about  the  roots  igh*  of 
(3.5)  with  R*»0,  l.e.,  without  a  ground  electrode1* 
Accordingly,  we  write 


tan  tjjh*  ♦  crp  tan  •  0 , 


pVttJ, 


p^eVe***  at  x,*h*, 


which  is  tha  traaacamdental  equation  without  e  ground 
electrode  that  yields  toots  Tphf ,  tha  lowest  few  of 
which  ere  of  primary  interest  to  nee.  Substituting 
from  (3.8)  into  (3.5),  expending  end  retaining  terms 
linear  la  tf ,  we  obtain 


•  4 


af  -  -  R'n^hf/G0 , 


(3.10) 


where 


r  2 


_o  1  c  u  o 

G  -  a  ■  |  +  —  i  * 

cob  Tipi  cos  Vr1ip> 


(3.11) 


The  further  substitution  of  (3.8)  and  (3.10)  into(3.3)i 
yields 


(3.12) 


which  gives  the  eigenfrequencies  of  the  composite  plate 
without  a  driving  electrode  but  with  a  ground  electrode 
in  terms  of  the  roots  of  (3.9),  which  is  without  a 
ground  electrode. 

In  the  case  of  the  completely  electroded  plate 
driven  by  a  voltage  we  have13 

_f  f  ,  f  „  ,  f  .  f.  list 

u3“U3'(e33Vx3/c33h  )e  ’ 


mf  »  “I3-  «3  +  [c*3  +  K  +  -/]eia>t  >  <3‘ 

h 
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.13) 


where  uj  is  given  in  (3.2)j  and 


k2- (e^/H^c^-k^d  +  k2),  R'-p'h'/pV.  (3.14) 


4.  Straight-Crested  Dispersion  keiationa 


In  this  section  we  obtain  the  straight-creeted 
dispersion  relations  for  the  composite  plate  In  the 
vicinity  of  the  thlckneaa-extenaional  resonant  frequen¬ 
cies  determined  in  the  preceding  section,  l.e.,  for 
small  wavenumbers  along  the  plate.  We  specifically 
treat  decaying  waves  in  the  unelectroded  composite 
plate  because  these  are  simpler  (less  cumbersome)  to 
treat  than  propagating  waves  in  the  electroded  struc¬ 
ture  and  the  dispersion  relations  for  propagating  waves 
in  the  electroded  composite  plate  can  readily  be 
obtained  from  the  dispersion  relations  for  decaying 
waves  In  the  unelectroded  case  with  the  aid  of  certain 
results  obtained  for  the  case  of  pure  thlckneaa- 
extens ional  vibrations  of  the  composite  plate  In  Sec. 3. 


As  a  solution  of  the  differential  equations13  for 
straight-crested  waves,  we  take 

f  f  f  list 

u*-  (A*  cos  T|fX3  +  B3 s inline  e  , 

lout 


ul“  (Aisln  1)1*3+8381“  V91 

u®»  (A®co6  T^Xj  +  B'sin  Hgx3)e 
s  a  8  "5*x  imt 

ul=  (A1slnTlsX3'+BiC08  V*3)e  e  ’ 


(4.1) 


(4.2) 


the  first,  (4.1),  of  which  satisfies  the  differential 
equations13  for  the  xinc-oxide  provided 


Again  It  la  convenient  to  expand  the  roots  T), hf  of 
(2.6)  -  (2.9)  about  the  roots  Tfhf  of  (3.9).  Accord¬ 
ingly,  we  write 


T)fhf*T)^hf+Af , 

(3.15) 

and  obtain13 

(3.16) 

where 

4A  +  °13A3  '  °  '  •  4  A  +  °33*3  ’  °  ' 

4  A  -  °lf3B3f  -  0  >  a13Bl  +  4  A  ■  0  '  (6-3) 


where 
f 


°h  -  AA  ■  CIA  *  pf<“2) «  °13  *  <clV  c44>  . 


033*(C4452-£331'f+pf“)2)’  (6*4) 


’°  “  7^*7  ( - k*  '  2  +  C^ tan  tan 

(T|p>  )  cos  Tljh 

-  R*  -  R1  (1  -  cru  tan  T)^h*  tan  poT)^h^)  .  (3.11) 


The  further  subetltutlon  of  (3.15)  with  (3.16)  Into 
(3.3)j  yields 


which  gives  the  eigenfrequencies  of  the  fully  elec¬ 
troded  composite  plate  with  ehorted  electrodes  in  terms 
of  the  roots  of  (3.9)  for  the  unelectroded  composite 
plete. 

The  difference  between  the  resonant  frequencies  of 
pure  thickness -extans lonal  vibrations  of  tht  composits 
piste  with  and  without  a  driving  electrode,  l.e., 

<*,  -  for  the  same  if ,  Is  very  Im*  n  tent  for  describ¬ 
ing  and  understanding  tbs  behavior  o*  trapped  energy 
resonators  in  ths  thin  fllm-on-slllcon  structure.  In 
fact,  thm  trapped  energy  reeonetor  cen  operete  et  e 
frequency  a  essentially  la  the  narrow  frequency  range 
between  %  end  . 


and  the  latter,  (4.2),  of  idlieh  satisfies  the  differ¬ 
ential  equations13  for  the  silicon  provided 


-^  +  a33A3“°> 

1!*!  “  a13B3  *  °  ’ 

(4.5) 

where 


s 


,  8  »2 
(cuS 


c44^  +  p,tt,2)  »  °13 ”  (C13+  C44) CTs  * 
ct33  “  <cm52*c33T£+0*®2)  * 


Each  of  these  four  syatens,  (4.3),_,  and  (4.5)l_a,  of 
two  linear,  homogeneous  algebraic  equations  In  two 
amplitudes  yields  nontrivial  solutions  idien  the  deter¬ 
minant  of  the  coefficients  of  the  amplitudes  vanishss. 
Both  determinants  for  ths  film  are  identical,  as  ars 
both  dstsrmlnsnes  for  ths  layer.  Eacb^of  the  two^  inde¬ 
pendent  determinants  is 
Bsnce,  for  a  given  %  at ad 
Indspendsnt  H  (Tfl),  tf* 
yields  Independent  empli 
two  aquations  loading  to  aach  of  ths  four  determinants . 
tat  us  danoto  the  st^t  sots  of  amplltmda  tattoo  by 


quadratic  to  r,  T  and  sr. 

«,  aach  dstermlnsnt  yields  too 
>  and  tf 1  * ,  V’)  «d  aach  if  } 
tuda  ratios  from  either  of  tho 
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..  ..  ..  ..  ,  .  .  determined  from  a  root  of  (3.9)  we  return  to  (4.3)  - 

A  A*  >  B*  -  vriB;:  >  A®1  -  u  A®  ,  (4.6)  and  following  earlier  simpler  work7  note  that 

1  3  1  3  1  3  since  the  decay  ninber  along  the  composite  plate  ?,  is 

1-1,2.  near  zero  and  to  is  in  the  vicinity  of  a  thlckneaa- 

1  3  ’  ’  '  extensions  1  resonant  frequency  %  and  the  TV i  and  TV , 


are  finite,  i.e.,  5  is  samll  while  a)  and  the  Tf)  are  not, 
As  a  solution  of  the  boundary  conditions  (2.S)  -  to  zero  order  in  5  we  have 


(2.7),  we  take 

u*-  (A^cos  Tl{1x3  +  A*2cos  7)f2X3  +  B31  8in  !lflX3 

„f2  ,  „  .  ’?xl  iiot 

+  »3  sinT]f2x3)e  e  , 

f  ^  Af2  ,  „  ,  _fl 

u£  -  (A£  sin  T1flx3  +  A1  sinTljjXj+Bj^  cos  T|flx3 

,  „f2  „  •,  *5X1  io)t 

+  B£  cos  ^f2x3>e  e  > 

s  s  X  s  2  s  X 

u3 *  (A3  cos  T1s1*3  +  A3  cos  T|g2x3+  B3  sin  1^3X3 

+  BS32sin^2x3)e'?V“t, 

u®  -  (A®1  sin  Tlslx3  +  As12sin  Hs2x3  +  B f  cos 

+  B®2  cos  tla2x3)e  ?XlellBt  ,  (4.8) 


in  which  the  amplitudes  with  the  subscript  1  are  known 
in  terms  of  the  amplitudes  with  the  subscript  3  from 
(4.7).  Consequently,  there  are  only  eight  unknown 
amplitudes  in  (4.8).  Substituting  from  (4.8)  into  the 
boundary  conditions  (2.5)  -  (2.7)  and  employing  (4.7), 
we  obtain13 


£  IA3£(TlflHfl  -  S)cos 

i*=l  t 

2  +  5)  el"Tlfih  ]  =0, 

Z-.fi,  f  .  ft  _f  _  .  .  _  .  f  „fi,  f  „  fi 

[A3  <c13?M.  +c33T1£1)  sinT)flh  +B3  (c13?v 


(•n°  \2  .  £_2L  ct,°32.£J L.  f11®32.£_i£_ 

Ulfl/  _f  ’  '^2*  f  »  (T,sr  s  » 

c33  c44  c33 

(^2)2.^,  (4.1 

c44 

from  (4.3)  -  (4.6),  and  to  lowest  (second)  order  in  5 
we  have 

A1X  “  •  r*A31  TK  >  A32  *  *  ^l2  TU  > 


where13 


1  J  J  1  '*8  2 

f  f  8  8 

f  C13+C44  s  C13+C44 
_f  f  ,  8  8 

c33  "  C44  C33*C44 


From  Eqs.(4.10)  and  (3.3)  it  is  clear  that 


-  ^33^3)  cos  T|fihf]  -  0  , 


Z._ fi  ,_f  _  f  _  fi.  _si,  s  _  s  _  si,  ,  . 

f®3  (C337'fi'C13?V  }  ’B3  ^33^81  "  C13?V  )I  =  0’ 
i-1 

2  2 

Zr.fi  .si.  .  V  .  fi  f  .  fi, 

[A3  -  A3  ]  -  0  ,  2,  (*3  cA4^fi  ’  ^  ^ 


OOOO 

%SV  \isv 

(4.13) 

which  with  (3.7)  means  that  Tf  satisfies 
over,  from  Eqs.(6.10)  we  note  that 

(3.9). 

More- 

(4.14) 

where 

^•^3,cU)U2>  x8-(c33/c844> 

1/2  . 

(4.15) 

^Ma^sI  •  8i)  1  -  0  ' 

2 


Since  we  are  interested  in  the  solution  in  the 
vicinity  of  a  pure  thickness -extensional  mode  and  in 
small  deviations  from  that  mode,  we  take 

V,f*T|fh£+8f’  V*8-^"**.-  (4,16) 

V  .  fi  fi  si  si.  V  *  w.  8  71  si. 

L  *  3  v  ‘  3  v  ,m°>  L  1  3  (C13* +  c33'siw  ’  where  6,  and  6,  are  small.  From  (4.3)  -  (4.6)  and  (4.16) 

1-1  1*1  we  obtain13 

2  h 

Y  fA®1^®1^  -  ?)cosTl  h®  +  B®l(v,lT|  .  ,  6  _ 

i-1  g'5  -c®3[(TlJ)2+2Tj -A]+p®*2-0,  (4.17> 

+  S)  *in  1  •  0  .  (4.9)  ®  h"J 

where 

Equations  (4.9)  constitute  a  system  of  eight  linear  ffff  f  sasa  s 

homogeneous  algebraic  equations  in  A,1,  B,,  Aj1  and  Bj‘,  8  -  *  (Cj3  +  *44)  ♦  *44 »  g  -  r  (Cjj+c^  +  c^. 

which  yield  nontriviel  solutions  whan  the  determinant  (4.18) 

of  the  coefficients  vanishes13. 

Froai  (4.17),  with  the  aid  of  (3.3),  (3.6)  sad  (3.7),  we 
In  order  to  obtain  the  asynptotic  form  of  the  obtaltr* 

solution  in  the  limit  of  small  decay  numbers  along  the 
plate  and  near  a  thickness -extensional  frequency 


P&- 


(*.19) 

where 

K-  (pV/2l£c*3)[(gf/p£)  -  (g*/p*)l  .  (4.20) 

Substituting  fToa  (4.11),  (4.13),  (4.14),  (4.16)  and 
(4.19)  into  the  appropriate  equations13,  expanding, 
appropriately  employing  (3.9)  and  retaining  terms  up 
to  if ,  after  much  tedious  algebra  we  obtain13 

M?Z‘533(1,f)2  +  pf“2*0'  (4.21) 

in  which  M  is  a  very  lengthy  expression,  which  is  too 
cumbersome  to  present  here1 3 . 

Equation  (4.21)  is  the  asymptotic  form  of  the 
straight-crested  dispersion  relation  for  small  decay 
mmber  5,  along  the  composite  plate,  in  the  vicinity  of 
a  thickness-extenslonal  resonant  frequency  ufi  with  a 
ground  electrode  of  zero  thickness  (2h*-0),  i.e.,  with 
R*  »  0  in  (3.12),  idiich  yields 

o  ,_f  ,  f.  1/2  _o  „„ 

“e“  (C33/p  )  \  •  (4. 22) 


the  pure  thickness  frequencies  down  from  of  to  04  to  84 
with  exactly  the  same  curves  emanating  from  each  of  the 
three  points.  The  curvatures  of  each  of  the  three  dis¬ 
persion  curves  at  cut-off  are  exactly  the  same  because 
the  difference  between  the  three  frequencies  (£,04 
and  3.  la  very  small  since  the  piezoelectric  coupling  k 
and  electrode  mess  loading  factors  R'  and  R*  are  very 
small.  On  the  other  hand  If  ti  is  negative,  the  three 
dispersion  curves  take  a  quite  different  form  shown  In 
Figure  5,  with  each  curve  having  the  same  curvature  at 
cutoff.  For  a  given  zinc-oxide  film  on  silicon  the 
sign  of  M  in  a  given  instance  depends  on  the  ratio  of 
the  thickness  of  the  silicon  layer  to  that  of  zlnc- 
oxlde  o.  When  M  changes  sign  It  does  not  go  through 
zero  but  Instead  goes  to  plus  infinity  and  comes  back 
from  minus  Infinity.  At  the  point  at  which  H  changes 
sign,  the  asymptotic  expression  we  have  obtained  for  M 
breaks  down  because  the  7$a  and  7fa  thickness-shear 
wavenumbers  satisfy  a  relation  analogous  to  (3.9)  at 
the  same  frequency  as  the  thickness-extenslonal  reson¬ 
ance  u£  and  in  that  case  an  expansion  about  the  pure 
thickness -shear  resonant  solution  must  be  made  for  the 
Uta  -  TV  a  solution  as  well  as  the  expansion  that  has  been 
made  for  the  1Vi-Th1  solution.  This  exceptional  situ¬ 
ation  occurs  idienever  there  is  a  coincidence16  of  fre¬ 
quencies  of  the  pure  thickness  solutions  that  are 
coupled  in  the  dispersion  equation  and  will  not  be 
treated  here. 


The  thin  ground  electrode  serves  only  to  change  the 
thickness-extenslonal  resonant  frequency  for^ ^  -  0  from 
ti£  to  (14  by  virtue  of  the  change  from  T£  to  T\, ,  where 


Tlf-H°(l-R'/G°)  , 


(4.23) 


as  we  know  from  Eqs.(3.8)  -  (3.12)  of  the  thickness- 
extenslonal  solution  presented  in  Sec. 3.  As  a  conse¬ 
quence,  it  is  clear  from  (4.21)  that  for  a  thin  ground 
electrode,  the  straight-crested  dispersion  relation 
takes  the  form 


M52-c£3?|2+Pfa)2-0  .  (4.24) 

In  the  electroded  region  with  a  driving  electrode  we 
are  interested  in  the  situation  in  which  we  have  a 
propagation  wavenumber  $  Instead  of  a  decay  number  5. 
Clearly,  the  relation  for  a  propagation  wavenumber  f 
can  readily  be  obtained  from  the  equation  for  a  decay 
number  5  simply  by  replacing  5  by  15.  Furthermore,  for 
the  same  reasons  as  in  the  case  of  the  ground  electrode, 
in  the  electroded  composite  plate  with  a  driving  elec¬ 
trode  the  thickness -extena lonal  resonant  frequency  for 
5-0  is  changed  from  u£  t£  3,  given  in  (3.18)  by  virtue 
of  the  change  from  t£  to  Tj,,  where 


On  account  of  the  considerable  amount  of  algebra 
involved  in  the  evaluation  of  M,  we  have  checked  its 
accuracy  to  be  sure  that  no  error  was  made.  To  this 
end  for  a  zinc-oxide  thin  film  on  a  silicon  layer,  we 
have  calculated  the  dispersion  curves  in  the  vicinity 
of  the  lowest  thickness-extenslonal  resonant  frequency 
using  both  the  complete  solution  obtained  at  the  begin¬ 
ning  of  this  section  (in  which  the  algebra  is  not  extra¬ 
vagant)  and  the  expression  for  M  and  compared  the 
results.  It  can  be  seen  from  Figure  6  that  the  dlaper- 
sion  curves  compare  very  well  for  l&'l  «  I.  Further¬ 
more,  for  a  -  1/3,  M-  31.7761  X  10loN/Ma  and  the  value 
of  M  obtained  from  nunerlcal  differentiation  of  the 
dispersion  curve  is  M-  31.  7761  x  IO10  N/tf,  which  shows 
that  they  are  In  excellent  agreement .  Consequently, 
we  can  be  certain  that  no  error  was  made  in  the  deter¬ 
mination  of  the  expression  for  M. 

In  the  trapped  energy  resonator  with  high  Q,  an 
electroded  region  abuts  an  unelectroded  region,  as 
shown  in  Figure  1.  Since  only  the  thickness  dependence 
of  the  electrical  variables  has  been  Included,  the  elec¬ 
trical  continuity  conditions  at  a  junction  between  an 
electroded  and  unelectroded  region  of  the  plate  need 
not  be  satisfied  here,  as  in  earlier  work7"9.  Conse¬ 
quently,  at  such  a  junction  we  require  the  continuity 
of  the  mechanical  quantities 


Tif-^(1  +  F°/C°)  ,  (4.25) 

from  Eqs.(3.15)  and  (3.16),  and  F°,  which  is  negative, 
is  given  in  (3.17).  As  a  result  of  the  foregoing,  it 

is  clear  from  (4.21)  that  for  the  electroded  plate  with 

a  driving  electrode,  the  straight-crested  dispersion 
relation  takes  the  form 

pV.°,  (4.26) 

which  is  in  accordance  with  what  happens  in  an  earlier 
treatamnt7  of  a  simpler  ce**. 

If  M  is  positive  the  dispersion  curves  predicted 
by  each  of  the  three  equations  (4.21),  (4.24)  and  (4.26) 
are  presented  in  Figure  4,  which  clearly  shows  that  the 
influence  of  the  very  thin  electrode  films  along  with 
the  small  piezoelectric  coupling  simply  serves  to  shift 


u3’  TU>  V  Ti3  >  (4.27) 

In  the  film  and  the  same  quantities  with  the  super¬ 
script  s  in  the  silicon  only.  Since  in  trapped  energy 
resonators  or  acoustically  coupled  resonator  flltetn 
with  trapping  in  the  composite  plate  the  overall  sec¬ 
tion  properties  of  each  constituent,  l.e.,  the  material 
constants,  the  film  and  layer  thicknesses  and  the  thick- 
11  exx  wavenumbers  t£  and  if,  are  either  Che  sens  or  very 
nearly  the  same  in  the  electroded  and  unelectroded 
regions  of  the  composite  plate,  we  can  satiety,  approx¬ 
imately,  the  four  continuity  conditions  in  (4.27)  along 
with  the  four  with  the  superscript  s  because  they  ere 
coupled  together  In  each  region  by  the  aejaqptotlc  solu¬ 
tion  In  that  region,  simply  by  requiring  the  continuity 
of  only  the  two  quantities1* 
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at  the  Junction,  as  In  earlier  work7,  or  equivalently 


3,1 


(4.29) 


5.  Variable-Created  Dispersion  Relations 


In  Sec. 4  we  obtained  the  aayoptotlc  limit  of  the 
straight-crested  dispersion  relations  for  small  wave- 
numbers  along  the  -direction  of  the  composite  plate. 
Since  the  zlnc-oxlde  Is  Isotropic  in  the  plane  of  the 
plate  and  the  silicon  Is  cubic  with  the  coordinate 
axes  along  the  cube  edges,  the  straight-crested  disper¬ 
sion  relation  obviously  holds  along  the  Xg-dlrectlon 
also.  In  this  section  we  extend  the  asymptotic  limit 
of  the  straight-crested  solutions  to  solutions  with 
variable  crests.  Clearly,  only  the  elastic  constants 
of  the  silicon  Influencing  the  asymptotic  solution 
obtained  In  Sec. 4  need  be  considered,  l.e.,  c},,  cj4 
and  cj,,  because  the  constants  of  zlnc-oxlde  are  Inde¬ 
pendent  of  the  angle  6  In  the  plane  of  the  piste. 

From  the  equations  for  silicon  It  has  been  shown  that 
the  asymptotic  limiting  form  of  the  equations  can  be 
written  In  the  form1* 


«*P 


K3-:4)^3,3-^;p33-y 
C44(,P)  2"3+  (c*3+  CU>?  *  C33U3, 33 ’  P#i,3 '  <5-X> 

c132P  *2  P  +  C33n3,3*  iP"cW?u3  +  S,P>*  <5>2> 


In  which  the  planar  displacement  u*e ,  traction  t* p  and 
differential  operator  g ,  respectively,  are  deAnad  by 

K*P  "  *1«?  +  *2"2  '  £*  * *lT3l  +«2T32  > 

+  <5-3> 


A 


As  noted  earlier  the  value  of  M,  which  determines 
the  dispersion  characteristics,  varies  with  the  ratio 
of  the  thicknesses  o.  In  order  to  ejdilblt  this  varia¬ 
tion  we  calculate  M  for  zlnc-oxlde  films  on  silicon 
layers  for  a  few  values  of  o  and  plot  the  dispersion 
curves.  For  a  relatively  thick  zinc-oxide  film  on  a 
silicon  layer  corresponding  to  a  value  of  o  of  1/3, 

M«  31. 7761  x lO10  N/M“  and  the  dispersion  curves  take 
the  form  shown  In  Figure  7.  From  Figure  7  It  Is  clear 
that  If  the  driving  frequency  ui  Is  confined  to  the 
range  <&,  <<»<&,,  trapping  In  the  unelectroded  regions 
will  occur  for  the  configuration  shown  in  Figure  1. 

On  the  other  hand,  for  a  zlnc-oxlde  film  somewhat 
thinner  than  the  silicon  layer,  corresponding  to  a 
value  of  a  of  2.1923,  M  -  -  30.2993X  N/K*  and  the 
dispersion  curves  take  the  form  shown  in  Figure  8, 
which  shows  that  trapping  in  the  unelectroded  regions 
will  not  occur  for  the  configuration  shown  In  Figure  1 
for  any  value  of  is.  However,  if  outside  the  region 
containing  the  driving  electrode  the  silicon  layer  is 
thickened  slightly  as  shown  In  Figure  9,  so  as  to  make 
<«,  <  by  a  small  but  sufficient  amount,  the  dispersion 
curves  take  the  positions  shown  in  Figure  10  and  trap¬ 
ping  in  the  electroded  region  will  occur  for  id  in  the 
range  iq,  .  For  a  zlnc-oxlde  film  on  a  silicon 

layer  we  have  found  that  the  transition  in  the  sign 
of  H  occurs  at  a  -  1.06S4.  For  a  thickness  ratio  any¬ 
where  near  the  transition  value  of  o,  no  trapping 
occurs  at  all  because  the  dispersion  curves  take  the 
form  shown  in  Figure  11.  At  the  precise  transition 
value  of  a  there  is  no  Imaginary  5  dispersion  loop  at 
all  and  the  real  dispersion  curves  meet  at  a  point  on 
the  (u-axis  with  nonzero  slopes. 


and  where  e i  and  ej  are  unit  base  vectors  In  the  x^  — 
and  Xg -directions,  respectively.  Equations  (5.1)  and 
(5.2)  are  clearly  Isotropic  in  the  ij  -  x,  plane  and 
show  that  in  the  asymptotic  limit  of  small  wavenumbers 
along  the  plate  the  dispersion  relation  (4.26)  Is  inde¬ 
pendent  of  direction  in  the  plane  of  the  plate,  and, 
hence.  Is  Isotropic.  Consequently,  we  can,  by  a  super¬ 
position  of  two  straight-created  standing  waves  with 
wave  normals  In  the  directions  given  by  +  0  and  -  8, 
respectively,  obtain  a  variable-crested  solution  of  the 

W1*1* 


uX  »  2(AX1  cos  T^Xj  +  B^1  sin  T^x^cos  SXj  cos  vx2ellut  , 


u®  -'2 (A®1  cos  T1°x3  +  B®X  sin  T\°x^)coa  ^  cos  v*2ela,t  , 


(5.4) 


u*  -  ^  Tf  (x3)  sin  gXj  cos  vx2ei<Dt  , 


f  2v  f  —  iiiit 

u2  -  Y  T  (x3)  cos  5x,  a  In  vx,e1<ut , 


1 - 2 

lint 


u®  «  t8(*3)  sin  5*2  no*  , 


u®  -  ^  t®(x3)  cos  ^Sln  vx2ei<ot ,  (5.5) 


where 


f  .  fl  .  _o  .  f2  f_o  _fl  _o 
t  «A3  slnTl^t3  +  A1  Sinn  TIjXj  +  Bj  cos  1]^ 


_f2  f_o 
*2  cos  k  TljXj  , 


r®  «  A®1  sin  1^X3+  A^2  sin  k®T]£x3  +  B®X  cos  T^Xj 


+  B®2cobk8t£x3,  (5.6) 


to  lowest  order  In  £  where 


C2-52+v2,  cot  8-f/v, 


(5.7) 


and  from  (4.26)  we  see  that  the  dispersion  relation 
takes  the  form 


-H^+v2)  -B^+pV-O.  (5.8) 


Moreover,  it  has  been  shown13  that  u£  and  eg  are  large 
trtille  u[ ,  u{ ,  uj  and  u|  are  small  and  are  of  no  further 
direct  Interest  in  this  work,  this  fact  has  already 


been  used  in  obtaining:  (4.28)  and  (4.29).  Furthermore, 
It  has  been  shown  that1* 


«3*  (*3  "cos  T^Xj  +  Bj  sln11^nx3)fn(x1,x2,t)  , 

f 


0  <  x-  <  h  , 


u®n-  (A®lncos  ^B*3+B®lBsin1irn*3)f“(*1,*2,t)  , 


.sin 


0  >  *3  >  - h*  ,  (5.9) 


very  accurately  in  each  region  because  the  section 
properties  are  very  nearly  the  same  and  the  pleaoelec- 
trlc  coupling  la  small,  and  Where 

.f 


»r-i* 

c33  an 


A*l*-oot  ifiV,  (5.10) 


390 


provided  the  f*  satisfy  the  homogeneous  differential 
equation 

Hn(t£  +^f)*533^fn£n*p£3!n"0'  (5*U) 


where  1%,  la  under* tood  to  be  TV*  1“  the  electroded, 
and  TV,  In  the  unelectroded  region*,  reapectlvely .  In 
addition,  fro*  (4.28),  (4.29)  and  (5.9)  It  la  clear 
that  at  a  Junction  between  regiona  with  and  without 
driving  electrode*  we  have  the  continuity  condition* 


f"-fn,  P-fV 
» 1 


(5.12) 


when  the  junction  line  la  In  the  Xg -direction  and 

T“- f",  f",-*”,.  (5.13) 

when  the  junction  line  la  In  the  x1 -direction. 

It  has  been  shown19  that  the  steady-atate  solution 
of  the  inhomogeneous  problem  Is  governed  by  the  inhomo¬ 
geneous  differential  equation 

1  1  »*  v- 

f  2  *33  x3  1  <st  ..  ... 

-  p  to  - jr  e  ,  (5.14) 

c33  h 

for  0  <  *s  <  hr ,  while  for  -h*  <  ^  <  0  we  have  the 
homogeneous  equation19 

2  sn  2  sn 

l  W-T-  +  -£i-)-23£3^U3n-  ^T]m0  >  <5-15> 


f  V  fn  a.  V  • 
*3  *  I  u3  '  u3  "  i  u3 


Substituting  from  (5.9)  into  (5.14)  and  (5.15),  which 
are  Integrated  with  respect  to  %  and  added  and  employ¬ 
ing  (5.10)  and  the  orthogonality  of  the  Xg -dependent 
functions  In  the  interval  -h*  <  x,  <  hr ,  we  obtain 


C33  h  C2 


-  (1  -  cos  1$if) /  (l£>  2  aln  l£hf , 


2  Al^.l.2^2  «3,V  '  A^iia2^" 


Equation  (5.17)  is  for  die  region  with  a  driving  elec¬ 
trode  idilch  la  driven  by  ajdrlving  voltage  V.  For  an 
nadrlven  region,  V «  0  and  TV,  la  replaced  by  fv, . 
finally,  it  should  be  noted  chat  when  the  undrlvcn 
region  la  thickened  alightly,  as  shown  In  Figure  9, 


f|f.  In  (5.17)  must  be  for  the  slightly  thickened  sec¬ 
tion.  However,  in  the  x,  -dependent  functions  which 
have  been  Integrated,  and  if  can  always  be  used. 

Thla  la  a  result  of  the  fact  that  even  though  all  IV 
and  are  very  nearly  the  same  In  each  region,  the 
small  differences  in  the  differential  equations  are 
essential7”8. 

6.  Application  to  Trapped  Energy  Resonators 

In  this  section  we  treat  the  trapped  energy  reson¬ 
ator,  the  plan  view  of  vditch  Is  shown  In  Figure  12, 
following  the  procedures  outlined  In  Refs. 8  and  9. 

This  means  that  the  solutions  presented  here  satisfy 
the  equations  to  second  order  In  the  small  wavenurtera 
5  and  v  along  the  plate  In  all  regions  except  the  rela¬ 
tively  unimportant  corner-type  regions  (labeled  C  In 
Figure  12)  in  trtilch  they  are  satisfied  to  first  order 
in  5  and  v,  in  accordance  with  the  discussions  In 
Re fa. 8  and  9.  In  accordance  with  Sec. 5  of  this  work, 
in  the  region  with  a  driving  electrode  we  have 
Eq.(5.17),  and,  as  noted  In  Sec. 5,  in  any  region  with¬ 
out  a  driving  electrode,  we  have 

Mn(^T  +  *4)  ”  »Xm  0  ’  <••» 

®*l  **2 

in  place  of  (5.17),  and  we  note  that  Eq.(6.1)  Is  not 
satisfied  In  a  comer  type  region.  As  noted  In  Sec. 5, 
the  edge  conditions  to  be  satisfied  at  a  junction 
between  an  electroded  and  unelectroded  region  are  given 
by  either  (5.12)  or  (5.13),  and  we  note  that  either 
(5.12)  or  (5.13)  is  also  satisfied  at  a  Junction 
between  a  comer  type  region  and  an  adjacent  unelec¬ 
troded  region.  The  fact  that  (6.1)  Is  not  satisfied  In 
a  comer  type  region  but  either  (5.12)  or  (5.13)  Is 
satisfied  at  a  junction  with  a  corner  type  region  Is 
the  reason  that  the  solution  does  not  hold  to  second 
order  In  5  and  v  In  the  relatively  unimportant  comer 
type  region  but  does  hold  to  first  order  in  ?  and  v. 
Since  the  functions  ant lsyiMetrlc  In  either  x,  or  x, 
cannot  be  driven,  as  a  solution  of  the  associated  homo¬ 
geneous  problem,  i.e.,  with  V»0,  we  take  the  functions 
symmetric  in  and  Xg 

f®  -  En  cos  5^  cos  Tb^e1®1 ,  0<x1<i,  0<x2<b, 

-an  s  _  lout 

f  *  En  e  cos  \*2e  ,  i<x1,  0 < x2 < b  , 


,  -v‘(x2-b) 


EnCOi^l* 


2  e1"*,  0<x1<jf,  b<x2. 


fCn  EC  "V  (*2'b>  lot 

t  » E  e  e  e  ,  !<*.,  b<x,, 

3  (6.2) 

the  first  of  which  satisfies  the  homogeneous  form  of 
(5.17)  In  the  •  region  and  the  second  two  of  which 
satisfy  (6.1)  in  the  s  and  T  regions,  respectively, 
provided 

-V3+$*E33^n+PV-0> 

<#-3> 

Substituting  from  (6.2)  Into  (5.12)  at  x,  -  1  sod  (5.13) 
at  x,  •  b  and  Introducing  the  condition  for  a  nontrivial 
solution,  w*  obtain 


m 


* 


§_  tan  f  l -  S*  v  tan  v  b  •  vT  ,  (6.4) 

a  n  n  n  n 

where 

•  *»  —  T  —  — 

E  -  E  cos  ?  i ,  E  *  E  cos  v  b , 
n  n  ti  9  n  n  n  9 

r  — .  —  __ 

E  •  E  cos  E  l  cos  v  b  .  (6.5) 

n  ti  n  a 


Now,  from  (6.3),  (3.8),  (3.10),  (3.15)  and  (3.16)  and 
neglecting  products  of  Af  and  o' ,  we  obtain 


where 

in  ,_on  *  ._on  .. 

i  »  -  (P  +  R  )/G  .  (6.7) 


Equations  (6.4),  with  (6.6)  and  (6.7),  constitute  two 
independent  transcendental  equations  for  ?,  and  v,  for 
a  given  l  and  b,  which  may  readily  be  solved  for  all 
the  symmetric  modes  with  respect  to  Xj  and  Xg .  The 
eigenfrequency  for  that  mode  may  then  be  determined 
from  (6.3)!.  Some  results  for  a  typical  calculation 
for  the  fundamental  and  an  overtone  mode  are  given  in 
Table  I. 

It  has  been  shown13  from  the  series  representation 
of  the  steady-state  solution  for  the  linear  forced 
vibrations  of  this  composite  trapped  energy  resonator 
that  in  the  vicinity  of  a  resonance,  say  the  N-rcth,  one 
term  in  the  sis  dominates  and  the  others  are  negligible 
so  that  In  the  vicinity  of  said  resonance  the  solution 
in  the  electroded  region  of  the  piezoelectric  film  may 
be  written 


r,  sin  2t.  i. ,  sin  2u.  b. 

u.  -  b/(i  +  — —Si"  Yi  + - — ) 

“NTS  W  A  2^b  ) 

co,\th  rt  *ln  2W\ 

v  2V  ' 

2s 


V 


CO»\Ti  /,  ‘ln  2%.\  C0»\T^O»2  Vb1 

+  .s  ,  V  4  2v„(b  ]  +  »■  .  w  j 


Sr1 


4*4 


(6.11) 


The  admittance  Y„rt  of  this  piezoelectric  film  on 
silicon  composite  plate  operating  ln  the  Nreth  trapped 
energy  node  is  obtained  by  substituting  from  (6.8) 
with  (6.10)  into  (2.4)swlth  k-  l »  3  which  is  then  sub¬ 
stituted  into 

t  b 

1  ’*  A  I  I  ®3dxldx2'  (6*12) 

o  o 


with  the  result 


4bii«w33  .2 

ynt.  *  f  *  —-T1  <l  +  k  > 


»  16  ttt,e33^2(^)2(11fl»)2glt>%T£8ln2  Vb 

(6- 13) 


The  quantities  Q,  and  C,,Te  defined  by 
Co  -  4biE33(l  +  k2)/hf, 


(6.14) 


-f 


u 


3 


9* 
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and  it  should  be  noted  that  we  can  write  the  associated 
solution  functions  in  all  the  other  regions  if  we  wish, 
but  they  are  not  of  sufficient  Interest.  In  (6.8)  C*ri 
and  K,  T,  may  readily  be  obtained  from  the  electrical 
boundary  conditions  (2.8)a  and  (2.9)  and  Aj1"  and  Bj1" 
are  given  in  (5.10)liS  and,  as  usual,  av,T(  in  (6.8)  is 
to  be  replaced  by 


Sr**16  4fc2<<>2^2  3l"V 

are  called  the  static  capacitance  and  motional  capaci¬ 
tance,  respectively,  and  have  been  calculated  for  a  few 
typical  cases  and  are  given  ln  Table  I. 
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Flgura  1  Schematic  Diagram  of  a  Cross-Section  of  a 

Composite  Trapped  Energy  Resonator  Consisting 
of  a  Thin  Piezoelectric  Film  on  a  Silicon 
Layer 


Figure  2  Cross-Section  of  an  Infinite  Composite  Piste 
with  a  Ground  Electrode  but  without  a 
Driving  Electrode 
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Figure  3  Cross-Section  of  an  Infinite  Completely 
Electroded  Coaposlte  Plate 
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Figure  4  Dispersion  Curves  in  the  Vicinity  of  the 
Fundamental  Thlckneas-lstenalonal  Resonant 
Frequency  of  the  ZaO  Thin  Film  on  Silicon 
Coaposlte  Plate  irtien  M  la  Positive.  The 
solid  curve  is  for  the  totally  unelectroded 
coaposlte  plate,  the  dashed  curve  la  for  the 
coaposlte  plate  with  a  ground  electrode  and 
the  dotted  curve  la  for  the  fully  electroded 
coaposlte  plate  with  shorted  electrodes. 


Figure  S  Dispersion  Curves  in  the  Vicinity  of  the 

Fundamental  Thlckness-Extenslonal  Resonant 
Frequency  of  the  Composite  Plate  When  M  Is 
Negative.  The  conventions  are  the  same  as 
in  Figure  4. 


Figure  6  Comparison  of  the  Dispersion  Curve  Obtelned 
from  Eq. (4.43)  with  that  Obtained  from  the 
Full  Transcendental  gysteai  Obtained  Earlier 
In  Sec, 4  la  the  Vicinity  of  die  Fundamental 
Ihlchnea a -fattens tonal  Resonant  Frequency  of 
the  Unelectroded  ZaO  on  Silicon  Composite 
Plate.  The  solid  curve  la  obtained  from  the 
transcendental  system  and  the  dotted  curve 
la  obtained  from  Eq.(4.43). 
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Figure  7  Dispersion  Curve  Obtained  from  the  Full 

Transcendental  System  for  a  Typical  Case  in 
which  the  Fundamental  Thlckness-Extenalonal 
Resonant  Frequency  is  Above  the  Second 
Thickness-Shear  Resonant  Frequency.  The 
ratio  of  thickness  of  the  silicon  to  the 
ZnO  ct-1/3. 
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Figure  9  Schematic  Diagram  of  a  Cross-Section  of  a 
Composite  Trapped  Energy  Resonator  when  th< 
Fundamental  Thlckness-Extenalonal  Resonant 
Frequency  is  Below  the  Second  Thickness- 
Shear  Resonant  Frequency 


Figure  8  Dispersion  Curve  Obtained  from  the  Full 

Transcendental  System  for  a  Typical  Case  In 
which  the  Fundamental  Thlckness-Extenalonal 
Resonant  Frequency  Is  Below  the  Second 
Thickness -Shear  Resonant  Frequency.  The 
ratio  of  thickness  of  the  silicon  to  the 
ZnO  o-  2.1923. 


c %rv£ 


Figure  10  Dispersion  Curves  for  the  Composite  Trapped 
Energy  Resonator  Shown  in  Figure  9.  The 
solid  curve  la  for  the  electroded  region 
and  the  dotted  curve  la  for  the  slightly 
thickened  unelectroded  region.  The  thick¬ 
ness  ratio  In  the  electroded  region 
«■  2.1923  and  In  the  unelectroded  region 
o- 2.3019. 
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Figure  11  Dispersion  Curves  for  the  Uneleccroded  ZnO 
on  Silicon  Composite  Place  when  Che 
Thickness -Ext  ensional  and  Thickness-Shear 
Resonanc  Frequencies  are  Hear  Coincidence. 
The  Chlckness  raclo  a- 1.06542. 
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Suaanarv 

Because  of  It's  excellent  Q  and  electromechanical 
coupling.  Lithium  Tantalate  (LITaOj)  Is  an  attractive 
material  for  new  piezoelectric  resonators  which  can 
not  be  realized  by  Quartz  or  Ceramics.  Lithium 
Nlobate  (LlNbOp,  which  is  one  of  the  family  of  LITaO^T 
has  not  as  good  frequency  temperature  characteristics 
as  LITaOf  resonators.  The  area  of  Industrial  appli¬ 
cation  for  L1Ta(£~  Is  expanding  rapidly.  Examoles  of 
this  are  voltage  controlled  osclllatros  (VCXO)  with  a 
broad  range  of  pullablllty,  wide  passband  filters  and 
SAM  filters.  Especially,  SAN  devices  for  IF  filter 
of  the  TV  sot  are  Industrialized  widely.  Besides  the 
basic  reserch  for  the  study  of  LITaOj  resonators  were 
reported .(<1 )  Also,  practical  application  of  LITaOj 
for  monolithic  filter  was  reported. {$) 

This  paper  reports  the  developement  of  a  minia¬ 
ture  LITaflf  X-Cut  strip  resonator  enclosed  In  cylln- 
dllcal  can.  which  Is  presently  used  for  wrist  watch 
crystal s^-An- X-Cut  resonator  of  LITafl^  has  two  shear 
inodes,  emplacement  direction  of  these  modes  are 
perpendicular  to  each  other  on  the  Y-Z  plane.  One  of 
these  modes  Is  so  strongly  excited  due  to  It's  high 
electromechanical  coupling  and  Is  refered  as  "fast  mode? 
This  mode  Is  applied  to  a  main  resonant  of  a  LITaOj 
X-Cut  resonator.  The  other  mode  Is  not  excited  as 
strongly,  but  Interacts  with  the  main  resonant,  and 
Is  called  the  "slow  mode".  It  Is  necessary  to  sup¬ 
press  the  slow  mode  as  much  as  possible  to  permit  the 
fast  mode  to  oscillate  In  a  stable  fashion. 

This  displacement  direction  of  the  fast  mode  Is 
obtained  theoretically  and  Is  confirmed  experimen¬ 
tally  .  The  slow  mode  Is  suppressed  without  affect¬ 
ing  the  main  mode  (fast  mode)  by  cutting  the  strip 
resonator  elongated  along  the  displacement  direction 
of  the  fast  mode.  The  shape  of  the  wafer  Is  chosen  as 
a  strip  type  elongated  along  the  displacement  direc¬ 
tion  of  the  fast  mode.  An X-cut  resonator  of  LlTaOshas 
great  many  spurious  responses.  In  particular,  spuri¬ 
ous  responses  of  contour  modes  are  strongly  excited. 

To  suppress  these  unwanted  modes,  the  length  and  width 
of  the  strip  are  determined  by  cut  and  try  method. 

And  electrode  shape  Is  also  chosen  by  the  same  way. 
Further  more.  In  order  to  eliminate  the  mechanical 
Influence  to  the  fast  mode,  one  of  the  short  edges  of 
the  strip  Is  mounted. 

Finally,  the  chip  size  of  the  3.5  MHz  resonator 
Is  decreased  to  Gam  x  1.5am  and  0.58am  In  thickness. 
This  resonator  Is  enclosed  In  the  cylindrical  can, 
which  1e  3e*i  x  flamu,  the  standard  enclosure  for 
wrlstwetch  crystals.  The  method  of  cutting  the  wafer 
is  very  simple  and  the  fabllcatlon  technique  Is  the 
same  as  the  mass  production  technique  of  the  tuning 
fork  resonators  for  wrlstwatches.  Therefore,  this 
resonator  has  a  high  reliability  and  has  the  possi¬ 
bility  of  mass  production.  This  resonator  has  good 
electrical  characteristics  without  beveling  which  is 
required  In  the  case  of  AT-Cut  Quartz  crystal . 
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Theoretical  background 

The  secular  equation  of  a  L1Ta03  X-Cut  resonator 
is  given  as  follows. 
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(1) 


Where  Cn,  C55,  C56  and  Cee  are  the  stiffened  stiffness. 
Three  Independent  solutions  of  C  are  obtained  from  this 
equation.  The  other  side,  C  Is  given  by  the  following 
equation  and  has  the  same  dimension  as  stiffness 
constant. 


P.U* 


(2) 


Where  p  is  the  density  of  LITaOj  and  is  7450  Kg/m?, 
o  Is  the  propagation  speed  of  the  thickness  shear 
vibration.  One  of  the  solutions  has  not  a  term  of 
piezoelectric  constants.  Other  two  solutions  have  a 
term  of  piezoelectric  constants.  Therefore,  only  two 
piezoelectric  vibration  modes  are  vibrated.  Displace¬ 
ment  direction  of  these  modes  are  perpendicular  to 
each  other  on  the  Y-Z  plane,  as  shown  In  Fig  1.  One 
of  these  modes  Is  called  as  a  "fast  mode".  Frequency 
thickness  constants,  electromechanical  coupling  and 
displacement  direction  are  calculated  as  shown  In 
Table  1.  The  elastic  and  piezoelectric  constants  are 
refered  from  a  paper  by  A.M.Wamer.(3) 

The  fast  mode  Is  applied  to  a  main  resonant  of  a 
LITaOj  X-Cut  resonator,  and  the  slow  mode  Is  a  unwanted 
resonant.  The  slow  mode  is  not  excited  as  strongly, 
because  It’s  electromechanical  coupling  Is  about  1/8 
of  fast  mode.  But  It  appears  at  the  frequency  fb  80S 
of  main  resonant.  Therefore,  it  Is  necessary  to 
suppress  the  slow  mode  as  much  4s  possible  to  permit 
the  fast  mode  to  oscillate  In  a  stable  fashion. 

Displacement  direction  of  these  modes  are  con¬ 
firmed  experimentally  by  rotating  the  direction  of  the 
mounting. (4)  In  this  experiment,  18  MHz  round  shaped 
plate  of  lITaQj  X-Cut  resonator  Is  used.  The  plate  Is 
mounted  as  shorn  In  Fig  2(a).  It  Is  considered  that 
slow  mode  may  be  suppressed  when  mounted  the  position 
perpendicular  to  the  displacement  direction  of  slow 
mode.  12  different  mounting  position  are  experimented 
to  obtain  the  best  suppression  direction  of  slow  mode. 
At  each  position,  difference  of  response  level  between 
fast  node  (fi)  and  slow  mode  (f»)  Is  measured  and 
plotted  as  shown  In  Fig  2(b)  and  (c).  The  peak  point 
of  d  Is  obtained.  This  direction  of  mounting  Is  siftl 
as  tha  direction  of  fast  mods  which  is  drivod  bp 
theoretical  calculation. 
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Strip  resonator 

Based  on  the  theoretical  background  confirmed 
and  for  the  purpose  of  miniaturization,  the  shape  of 
the  wafer  Is  chosen  as  a  strip  type.  This  strip  Is 
elongated  along  the  displacement  direction  of  the 
fast  mode,  as  shown  In  Fig  3.  It  Is  assumed  that 
miniaturization  of  the  LITaOj  X-Cut  resonator  may  be 
realized  adapting  this  strip  without  affecting  the 
fast  mode. 

A  characteristic  of  the  frequency  responses  Is 
related  to  the  combination  of  the  length  and  the  width 
of  the  strip.  The  3.5  MHz  wafers  are  used  for  all 
experiments.  Fig  4  shows  the  frequency  responses  for 
four  kinds  of  strip  shape.  The  length  and  width  of 
strip  on  Fig  4  (a)  are  4.1  x  1.58mn,  (b)  are  5.0  x 
l.lmn,  (c)  are  6.4  x  1.58mm  and  (d)  are  6.4  x  1.3mm. 
From  this  experiment,  the  following  results  are 
obatlnd.  The  length  of  the  strip  gives  influence  on 
the  equivalent  resistance  of  this  resonator,  and 
width  affects  the  location  and  the  intensity  of  the 
spurious  responses.  A  fine  frequency  responses  and 
low  equivalent  resistance  are  achieved  by  the  suitable 
length  and  width  of  the  strip.  The  length  and  the 
width  of  Fig  4(c)  yields  the  fine  characteristics,  so 
this  shape  is  used  to  next  step  experiment. 

As  same  as  the  width  of  the  strip  has  Influence 
on  spurious  responses,  the  shape  of  electrode  has 
Influence  on  spurious  responses.  Fig  5  shows  the 
frequency  responses  for  two  kinds  of  electrode  shape. 
The  area  of  electrode  of  (a)  and  (b)  are  the  same, 
though  the  location  and  the  Intensity  of  the  spurious 
responses,  and  the  Intensity  of  the  3rd  overtone  mo  i 
are  different. 

Mounting 

In  order  to  eliminate  the  mechanical  Influence 
to  the  fast  mode,  one  of  the  short  edges  of  the  strip 
is  mounted.  If  both  edges  of  the  strip  are  mounted, 
the  crystal  impedance  of  the  fast  mode  will  Increase 
and  the  resonator  can  not  vibrate  constantly  at  the 
fast  mode  only.  Fig  6  shows  an  example  of  mounting. 

One  of  the  short  edges  of  the  strip  Is  mounted  rigidly 
on  the  harmetlc  base  with  adhesive  epoxy.  Therefore, 
electrical  connection  between  electrodes  on  the  wafer 
and  leads  are  obtained  by  conductive  epoxy. 

Because  of  It's  rigid  mounting,  this  resonator 
has  a  excellent  resistance  against  shock  and  vibration. 
This  way  of  mounting  Is  very  simple  and  is  the  same  as 
the  mounting  of  the  tuning  fork  resonators  for  wrist- 
watches. 

Production  process 

The  fabllcatlon  technique  Is  the  same  as  the  mass 
production  technique  of  the  tuning  fork  resonators  for 
wrlstwatches.  Fig  7  shows  the  production  process  of 
this  LITaOj  X-Cut  strip  resonators. 

At  the  1st  cutting  process,  3  inches  wafer  of 
X-Cut  LITaOj  1$  broken  Into  7  x  10mm  wafers.  This 
rectangular  wafer  Is  lapped  to  specified  thickness  by 
monitoring  it's  frequency.  At  the  2nd  cutting  process, 
rectanqular  wafer  Is  broken  Into  Spices  of  strip  chips. 
About  200  pices  of  strip  chips  are  obatlned  from  a  3 
Inches  wafer.  It  Is  very  difficult  to  adjust  the 
thickness  of  the  3  Inches  wafer  with  the  narrow  distri¬ 
bution  by  current  lapping  technique.  Then  the  surface 
of  the  strip  chip  Is  cleaned  with  water  and  chemicals. 
The  electrode  of  silver  Is  attached  to  the  strip  chip 


by  the  yacuum  evaporation  technique.  Thickness  of 
the  electrode  Is  2oooA.  The  strip  chip  with  electrode 
Is  mounted  as  shown  In  Fig  6,  and  Is  connected  elec¬ 
trically  by  conductive  epoxy.  A  smrll  quantity  of  the 
electrode  material  Is  additionally  evaporated  on  the 
electrode  and  adjusted  the  frequency  within  a  desired 
range.  Finally,  the  can  containing  the  resonator  is 
filled  with  non-active  gas,  and  then  sealed  so  that 
the  wafer  will  vibrate  stably. 

Characteristics 

The  LITaOj  X-Cut  strip  resonator  Is  enclosed  In 
the  cyllndllcal  can,  which  is  3nr*  x  8mmt,  the  stan¬ 
dard  enclosure  for  wrlstwatch  crystals.  Fig  8  shows 
the  picture  of  this  resonator.  This  resonator  has  a 
clean  frequency  spectrum  as  shown  In  Fig  5(b).  Typical 
equivalent  constants  of  the  3.5  MHz  strip  resonator 
are  give  in  Table  2.  The  crystal  Impedance  (Rs)  of 
30n,  which  is  similar  to  HC-18/u  type  AT-Cut  3.5  MHz 
Quartz  crystal,  is  low  enough  to  oscillate  stably. 

The  capacitance  ratio  (co/cj)  Is  9.9.  This  value  is 
1/250  to  the  fundamental  AT-Cut  Quartz  crystal  reso¬ 
nators,  which  means  that  the  wide  frequency  difference 
between  resonant  frequency  and  untl resonant  frequency 
is  obtainable.  Therefore  VCXO  with  a  broad  range  of 
pullablllty,  or  a  wide  passband  filter  are  considered 
as  application.  Fig  9  shows  the  frequency-voltage 
characteristics  of  3.5  MHz  voltage  controlled  oscil¬ 
lator  with  good  linearity.  This  oscillator  offers 
12000  ppm  of  pullablllty,  which  could  not  be  realized 
by  Quartz  crystals. 

A  L1Ta03  X-Cut  resonator  has  the  parabolic  fre¬ 
quency  temperature  curve.  The  turnover  temperature 
changes  depending  on  cutting  angle,  thickness,  load 
capacitance  of  oscillator  and  oters.(5)  Fig  10  shows 
the  frequency  temperature  characteristics  of  the  3.5 
MHz  LITaOj  strip  resonator.  The  turnover  temperature 
Is  more  than  100SC.  Typical  frequency  change  between 
-t0oC  and  +60®C  is  about  400  ppm.  But  this  value  Is 
negligible  when  applied  to  VCXO  due  to  It's  wide 
pullablllty.  Furthermore,  If  It  Is  necessary,  the 
compensation  of  frequency  temperature  characters 1  tics 
Is  easy  acheaved  by  circuit  design  technique.  The 
crystal  Impedance  is  stable  within  a  wide  temperature 
range,  too. 

As  shown  In  Fig  6,  the  strip  chip  Is  mounted 
rigidly.  And  this  resonator  has  high  resistance 
against  shock  and  vibration.  This  resonator  withstand 
against  the  the  shock  of  30006,  and  the  vibration  of 
500  Hz  with  56  without  any  change  of  electrlal  and 
mechanical  charactersltlcs.  The  construction  of  this 
resonator  Is  very  simple.  So,  this  leads  to  a  stable 
frequency  aging  characteristics.  In  this  measurment 
the  resonator  Is  exposed  In  the  high  temperature  atmo¬ 
sphere  at  85#C.  The  frequency  drift*  of  the  resonator 
are  about  15  ppm  within  a  period  of  30  days  at  85°C. 
This  period  and  temperature  are  equivalent  to  more  than 
1  year  at  room  temperature-  This  frequency  Is  negli¬ 
gible  also  as  a  VCXO  application. 

Very  good  electrical  and  mechanical  character¬ 
istics  are  obtalnd.  And  the  enclosure  Is  miniature, 
whclh  has  the  same  dimension  as  wrlstwatch  crystals. 
Consequently,  this  miniature  strip  resonator  of  X-Cut 
L1Te03  has  wide  possibility  for  Industrial  application. 

Conclusion 

A  miniature  LITaOj  X-Cut  resonator  has  been 
developed  by  good  cholse  for  the  shape  of  the  wafer, 
as  a  strip  type  elongated  along  the  displacement  direc¬ 
tion  of  the  fast  mode.  One  of  the  short  edges  of  the 


338 


strip  1$  mounted  rigidly.  This  resonator  Is  enclosed 
in  the  cylindrical  can  of  3n*  x  8m*.  the  standard 
enclosure  for  wr  is twitch  crystals.  The  excellent 
electrical  characteristics,  especially  low  equivalent 
resistance  and  high  Q  are  obtained.  Depending  on  this 
simple  structure,  the  resonator  has  a  good  frequency 
aging  characteristics,  and  has  high  resistance  against 
severe  shock  and  vibration.  The  fabllcatlon  technique 
Is  the  sane  as  the  mss  production  technique  of  the 
tuning  fork  resonators  for  wrlstwatches.  So,  the 
resonator  has  a  high  reliability  and  possibility  of 
mss  production,  applying  the  resonator,  a  voltage 
controlled  oscillator  with  a  broad  range  of  pull- 
ability  1$  available. 
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Fig. 1  Displacement  direction  of  the  fast  mode 
(Vi ;  and  slow  mode  (V2)  at  the  X-Cut 
Llta03  resonator. 


fast  mode 

slow  mode 

V, 

V2 

Kf 

2.086 

1.669 

k 

0.443 

0.054 

9  (deg) 

9’  52.9 

®a 

37.1 

Table  1 


<HdB) 


Constants  of  Vj  and  V2  mode. 

Kf—  frequency  thickness  constant(MHz-nm) 
k  —  electromechanical  coupling 
6  —  displacement  direction 


Fig. 2  Spurious  suppression  by 
mounting. 

a)  mounting  method 

b)  frequency  resopnses 

c)  difference  of  the  response 
level  between  ft  and  f2 
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Fig. 5  Resonant  characteristics  for  each 
electrode  pattern. 


Fig. 4  Resonant  charctarl sties  for  each 
shape  of  the  eofer. 


Fig. 6  An  exanple  of  aountln  structure. 
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Fig. 7  Production  process. 


Fig.8  Picture  of  the  LITaOj  X-Cut  strip 
resonator. 
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Table  2  Typcal  equivalent  constants  of  the 
LiTa03  X-Cut  strip  resonators. 

Rs —  Series  equivalent  resistance 
Co —  Shant  capacitance 
C  —  Notional  capacitance 
L  —  Notional  inductance 
Q  —  Quality  factor 
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Fig. 9  Frequency  pullablllty  of  3.5  MHz  VCXO. 
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ABSTRACT 

C-— a^/The  piezoactive  shear  wave  in  a  LiTaoC  X-cut 
p>late  has  a  velocity  of  4330  m/s  for  the  fast  node 
and  attractively  high  electro-mechanical  coupling 
.(47%) .  But  the  temperature  characteristics  of  the 
^™^C-cut  plate  resonator  shows  a  500  ppm  change  in  the 
resonant  frequency  between  -  10®C  and  6(/*C.  We  de- 
KL.  jyeloped  a  miniaturized  strip  plate  type  LiTaO 

resonator  with  stable  temperature  characteristics. 

In  this  paper,  the  displacement  orientation  of 
the  thickness  shear  mode  was  studied  in  order  to 
decide  the  crystal  orientation  of  the  longitudinal 
direction  of  the  strip.  Measurement  of  the  Q  factor 
with  different  rotation  angles  showed  that  displace¬ 
ment  orientation  of  the  fast  mode  was  -48*  from  the 
+Y  axis.  The  width  of  the  strip  plate  was  chosen  to 
separate  the  main  mode  from  spurious  modes.  The  ex¬ 
perimental  study  shows  that  the  optimum  ratio  of  . 
width  to  thickness  is  1.5  to  2.0  or  2.8  to  3.0. <The- 
length  of  the  strip  was  studied  to  realize  small  size 
while  keeping  a  high  Q  factor  and  gaining  freedom 
from  edge  reflection.  The  minimum  ratio  of  length  to 
thickness  is  about  10. 

To  Improve  the  temperature  characteristic,  the 
most  suitable  relationship  between  crystal  orien¬ 
tation  and  energy  trapping  was  studied.  The  experi¬ 
mental  study  of  plates  with  different  crystal  orien¬ 
tation  revealed  the  necessary  condition  to  set  the 
turning  point  around  room  temperature  for  optimum 
size  of  driving  electrodes.  A  resonator  of  3*  rotated 
X-cut  plate  (along  Y  axis)  with  1.3  mm  x0.8  mm  elec¬ 
trodes  has  a  tempetature  characteristic  that  is 
almost  a  quardratlc  curve,  and  the  turning  point  is 
near  25*C,  in  contrast  to  the  -40®C  of  the  X-cut 
plate,  and  has  no  spurious  response  due  to  inhar¬ 
monic  overtones.  Therefore,  the  temperature  stability 
la  within  100  ppm  from  -10*C  to  60*C. 

These  techniques  can  be  applied  to  resonators 
with  a  resonance  frequency  from  3  MHz  to  30  MHz. 

For  6  MHz,  the  size  is  5.5  mm  «0.8  am  *0.32  am.  The 
ratio  of  capacitances  is  16;  1/20  that  of  AT-quartz. 
The  mechanical  Q  factor  is  more  than  10,000.  The 
mechanical  energy  la  so  strongly  concentrated  around 
the  driving  electrodes,  that  the  strip  can  be  mounted 
on  a  ceramic  substrate  without  reducing  the  Q  factor. 
Therefore,  the  chip  type  resonators  were  realized, 
and  can  be  used  as  "chip  components". 


1.  Introduction 

Lithium  Tantalata  (LiTaO.)  has  been  studied  for 
electro-mechanical  devices,  because  it  has  «  high 
piezoelectric  ectivlty  that  cannot  be  realised  by 
quarts.  The  feet  mode  of  thickness  shear  wave  in 
LiTaO.  X-cut  plate  has  a  large  electro-SMchanlcal 
coupling  factor  (47X)[1].  This  makes  LiTaO,  resonators 


attractive  because  the  ratio  of  capacitances  la  up  to 
20  times  smaller  than  AT-quartz.  These  resonators  are 
suitable  for  use  in  voltage  controlled  oscillators 
with  a  wide  range  of  variable  frequency,  and  have  the 
possibility  to  be  miniaturised  in  chip  type  due  to 
heavy  energy  trapping  under  the  electrodes.  But  the 
temperature  coefficient  and  the  crystal  cost  are  not 
acceptable  for  Industry  and  consumer  use. 

Even  if  the  curve  of  resonance  frequency  versus 
temperature  of  LiTaO  X-cut  resonator  la  parabolic, 
turnaround  point  often  occurs  at  temperatures  other 
than  room  temperature  [2].  When  the  electrode  size 
decreases,  the  turnaround  point  shifts  up  to  room 
temperature,  but  the  ratio  of  capacitances  Increases 
[3].  While  the  zero  temperature  coefficient  was  cal¬ 
culated  for  any  orientation,  the  model  did  not  take 
energy  trapping  into  account  [4].  This  paper  reports 
on  a  single  mode  resonator  with  a  small  capacitance 
ratio,  and  with  a  turnaround  point  at  room  temperature 
by  studying  the  relationship  between  the  value  of 
energy  trapping  and  crystal  orientation. 

In  order  to  miniaturize  the  resonator  for  chip 
component  and  wafer  cost  reduction,  the  theory  of 
piezoelectric  strip  [5]  is  examined  for  the  LiTaO 
crystal.  First,  we  calculated  the  direction  of  purtl- 
cle  displacement  and  confirmed  it  experimentally. 

Next,  we  studied  the  minimum  dimension  of  the  width 
and  length  of  the  strip  to  eliminate  spurious  responses 
from  the  resonant  frequency  range. 


jtlmum  Crystal  Orientation 


2-1  Longitudinal  direction  of  strip 

One  of  the  most  important  material  factors  for 
resonator  is  the  electro-mechanical  coupling  factor. 
The  relationship  between  the  coupling  factor  of  LiTaO, 
thickness  shear  fast  mode  and  the  direction  of  the 
nomal  to  the  plate  is  shown  in  Fig.l,  where  the  two 
angles  f  and  fi  are  defined  as  Fig. 2.  The  plate  around 
X-cut  has  a  large  electro-mechanical  coupling  factor 
for  the  thickness  shear  mode  (»47X) ,  but  the  factors 
for  the  thickness  shear  slow  mode  and  thickness  exten¬ 
sion  mode  are  small  (*6X  and  «0X). 

In  order  to  have  a  miniaturized  strip  resonator, 
the  displacement  direction  of  the  thickness  shear  fast 
mode  must  be  parallel  to  the  longitudinal  direction 
of  the  strip.  The  driving  electrodes  for  the  resonator 
on  the  top  and  bottom  surfaces  then  reach  throughout 
the  lateral  direction,  so  that  the  spurious  response 
caused  by  the  thickness  twist  overtone  cannot  be 
generated. 

The  construction  of  the  piezoelectric  stlrp  is 
defined  in  Fig. 3,  where  2W  is  the  width  of  the  strip, 
2H  is  the  thickness,  2L  is  the  dimension  along  the 
longitudinal  direction  of  the  strip,  21  is  the 
dimension  of  .the  driving  electrode,  and  f  is  the  ro¬ 
tation  angle  from  the  Y  axis  in  the  X-cut  plate. 

The  direction  is  calculated  as  shown  in  Table  1. 
Angle  f  differs  according  to  the  material  constants 
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used  in  the  calculation  (1][6]{7].  To  confirm  the 
direction  of  resonance  displacement,  we  measured  the 
admittance  characteristics  of  resonators  having  two 
different  rotation  angles  <p  (  -48°  and  -54°  )  as 

shown  in  Fig. 4.  When  the  angle  p  is  -54°,  spurious 
responses  are  generated,  but  the  other  has  no  spurious 
response.  Figure  3  shows  the  result  of  the  series  , 
resistance  (K^)  plotted  against  the  angle  p  .  R;  is 
minimum  at  -48°.  From  Fig. 4  and  Fig. 5,  the  most 
suitable  angle  p  is  -48°. 

2- 2  Improvement  of  temperature  characteristics 

To  produce  resonators  having  a  turnaround  point 
at  room  temperature,  we  studied  the  most  suitable 
relationship  between  crystal  orientation  and  energy 
trapping  due  to  electrode  size. 

The  distribution  of  the  first  order  temperature 
coefficient  of  resonance  frequency  (RFTC)  was  cal¬ 
culated  as  shorn  in  Fig. 6  using  the  infinite  model. 
Zero  RFTC  means  that  the  turnaround  temperature  is 
room  temperature.  The  solid  line  shows  that  RFTC  is 
zero  and  the  dotted  line  shows  that  RFTC  is  -10 
ppm/°C.  RFTC  is  plus  around  the  X-cut  plate  and  minus 
out  of  the  solid  line.  The  temperature  coefficient 
of  antiresonance  frequency  la  always  minus  for  any 
direction;  for  example  -40  ppm/°C  at  the  X-cut  plate. 
Therefore,  for  the  actual  finite  electrodes,  one  may 
obtain  a  zero  RFTC  only  inside  the  solid  line  for 
zero  RFTC  as  shown  in  Fig. 6. 

The  X-cut  plate  with  infinite  electrode  has  a 
parabolic  temperature  characteristics  curve  [3]  and 
a  turnaround  point  at  about  -40°C.  When  the  electrode 
size  is  decreased,  the  turnaround  temperature  shifts 
up  to  room  temperature  and  RFTC  shifts  to  zero  as 
shown  in  Fig. 7.  In  Fig. 7,  parameter  (  shows  the 
trapping  energy  value  defined  as  the  following; 

fa-fe 

A-  ~nr 

where  fa  is  the  cutoff  frequency  for  the  non¬ 
electrode  region  and  fe  is  that  for  the  electrode 
region.  Figure  7  shows  that  the  turnaround  point  is  at 
room  temperature  when  c«0.8,  but  the  ratio  of 
capacitances  increases  to  22.  Therefore,  in  order  to 
offset  the  Increase,  the  rotation  of  9  and  y  around 
X-cut  plate  was  examined.  Figure  8  shows  the  result 
of  the  zero  temperature  coefficient  plotted  against 
the  crystal  orientation  for  t»1.0,  1.25,  and  1.5.  If 
the  value  c  Is  larger  than  1.25,  an  inharmonic  over¬ 
tone  is  generated  [8].  Therefore,  the  plate  with 
4  >4.5°  and  y-0°  is  the  optimum  crystal  orientation 
to  have  zero  temperature  coefficient,  a  small 
capacitance  ratio,  and  no  inharmonic  overtone.  Figure 
9  shows  the  turnaround  temperature  plotted  as  function 
of  the  ratio  of  capacitances.  The  ratio  of  capaci¬ 
tances  of  4.5°  rotated  plate  is  702  of  the  X-cut  plate 
for  zero  temperature  coefficient. 

3.  Mlniatuaturlzatlon  of  strip 

3- 1  Width  of  strip 

On  the  piezoelectric  strip,  spurious  responses 
depending  on  the  thickness  twist  overtone  cannot  be 
generated  [5].  Spurious  responses  due  to  the  width 
of  the  strip  cannot  be  avoided,  as  shown  in  Fig. 10. 
These  spurious  responses  shift  up  to  a  higher 
frequency  when  the  ratio  of  width  to  thickness  of 
strip  (W/H)  becomes  small.  The  value  of  W/H  comes  to 
the  suitable  ratio  (W/H*2.0) ,  the  spurious  responses 


are  separated  by  a  large  frequency  from  the  main  mode. 
Figure  11  shows  the  experimental  frequency  spectrum 
of  the  spurious  responses  plotted  against  the  W/H 
ratio.  The  fr  indicates  the  resonant  frequency 
constant,  and  fa  indicates  the  antlresonant  frequency 
constant.  When  the  ratio  W/H  is  1.5  to  2.0,  or  2.8  to 
3.1  (the  hatched  region  in  Fig. 11),  we  can  obtain  a 
piezoelectric  strip  resonator  with  a  single  response 
separated  by  an  adequately  large  frequency  from  the 
spurious  responses . 

3-2  Length  of  strip 

The  dlceplacement  amplitude  along  the  longitudi¬ 
nal  direction  is  the  highest  at  the  center  of  the 
driving  electrodes  and  decreases  on  either  side  of  the 
electrodes  region.  The  support  on  the  edge  of  the 
strip  therefore  does  not  influence  the  resonance 
energy  when  the  strip  is  long  enough  to  dampen  the 
displacement  amplitude.  To  miniaturize  the  strip,  we 
studied  the  length  of  the  strip.  Figure  12  shows  the 
result  of  Rj  plotted  as  a  function  of  the  ratio  of  the 
strip  length  to  the  strip  thickness.  Mien  the  ratio  of 
the  strip  length  to  strip  thickness  becomes  large, 

Rj  decreases.  When  the  ratio  is  over  10,  Rj  is  the 
lowest.  The  minimum  length  of  the  strip  is  10  times  of 
the  strip  thickness  for  300  resonant  resistance. 

3-3  Application  of  wafer  processing 

The  size  of  strip  is  so  small  and  the  mechanical 
energy  so  strongly  concentrated  around  the  driving 
electrodes,  that  many  strips  can  be  confirmed  on  one 
wafer  as  shown  in  Fig. 13;  for  example  about  300  strips 
are  made  from  a  2"  wafer  for  6  MHz.  The  driving 
electrodes  are  made  by  evaporated  thin  metal  film  and 
confirmed  using  photo-lithography.  The  terminal 
electrodes  are  prlted  on  the  wafer  with  Ag  conductive 
resin.  Each  strip  is  separated  by  the  cutting.  The 
strips  are  mounted  on  a  ceramic  substrates  printed 
with  an  electrical  terminal  and  packaged  by  the  ceramic 
cap. 


4.  Electrical  characteristics 

Figure  14  shows  the  admittance  characteristics  of 
the  6  MHz  resonstor.  The  size  of  strip  is  small — 

5.5  mm*  0.8  mm  x  0.32  mm.  The  ratio  of  capacitances  is 
16.  The  strip  is  20  times  smaller  than  that  of  the  AT 
-quartz.  The  mechanical  Q  factor  is  16,000.  The  strip 
Is  mounted  on  a  ceramic  base  and  packaged  as  a  "chip 
component",  so  that  this  LITaO  resonator  can  be  used 
for  a  hybrid  integrated  circuit,  as  shown  in  Fig.  15 
which  is  an  illustration  of  a  voltage  controlled 
oscillator  using  a  variable  capacitance  diode.  The 
variable  frequency  range  is  larger  than  0.4Z  when  an 
FC-53  variable  capacitance  diode. 


5.  Conclusion 

This  paper  reported  on  a  miniaturized  LiTaOj 
strip  resonator  with  stable  temperature  character¬ 
istics.  We  studied  Che  most  suitable  relationship 
between  the  value  of  the  trapped  energy  and  crystal 
orientation  so  as  to  realise  a  zero  temperature  coef¬ 
ficient  at  room  temperature  and  a  small  capacitance 
ratio.  We  next  applied  the  piezoelectric  strip  to  the 
LITsO,  resonstor  snd  studied  the  dimension  of  the 
atrip'co  separate  the  spurious  response  by  a  large 
enough  frequency  from  the  main  node  and  to  miniaturize 
the  strip. 
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These  technique  can  be  applied  to  resonators 
with  resonance  frequencies  from  3  MHz  to  30  MHz. 

The  size  of  strip  is  snail  (for  example ,  5.5mmx0.8nm 
*0 . 32mn  for  6  MHz).  The  ratio  of  capacitances  is 
snail  (16)  and  the  mechanical  Q  factor  is  large 
(16,000).  These  characteristics  are  suitable  for  a 
high  stable  voltage  controlled  oscillator  with  a  wide 
range  of  variable  frequencies.  The  mechanical  energy 
is  so  strongly  concentrated  around  the  electrode  that 
the  strip  can  be  mounted  on  a  ceramic  substrate 
without  reducing  the  Q  factor.  Therefore,  chip  type 
resonators  were  realised  which  can  be  used  as  chip 
components. 
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SUMMARY 

—^2*)  Recent  and  projected  developments  In  crystal 
filters  are  reviewed.  Major  growth  areas  are  In 
VHF/UHF  filters,  data  transmission  filters,  linearity, 
packaging,  and  cost  reduction. 

1.  INTRODUCTION 

This  Is  a  particularly  appropriate  time  for  a 
review  of  crystal  filters.  Continuing  expansion  of 
present  applications  and  the  opening  up  of  new  ones 
are  providing  Incentives  for  major  advances  In  the 
technology.  The  rapid  growth  of  the  field  during  the 
past  10-15  years,  associated  In  large  part  with  the 
advent  of  monolithic  filters,  has  been  outlined  in 
some  detail  elsewhere  [1].  The  present  paper  will 
touch  briefly  on  the  most  recent  developments  and  (at 
some  risk)  likely  future  progress. 

In  the  future,  as  In  the  past,  crystal  filters 
will  be  used  primarily  In  communications  and 
navigation  systems.  Particular  growth  areas  are: 

Military 

Spread-spectrum  communications 
Satellite-based  navigation  systems  (NAVSTAR/GPS) 

Commercial 
Cellular  radio 

Conventional /Trunked  mobile  radio 
Amplitude-Companded  sideband  radio 

The  growth  of  these  and  other  applications  Is 
creating  new  requirements  In  the  following  areas  which 
are  briefly  discussed  In  section  2-6: 

VHF/UHF  Filters 

Data  Transmission  Filters 

Linearity 

Packaging 

Cost  Reduction 

2.  VHF/UHF  FILTERS 

Advances  In  the  performance  and  frequency  range 
of  VHF  and  UHF  crystal  filters  are  motivated  by  a 
number  of  applications  and  are  being  obtained  In  at 
least  three  different  ways. 

First,  the  use  of  multi-resonator  monolithic 
filters  continues  to  expand.  Figure  1  shows  the 
attenuation  characteristic  of  a  162  MHz,  four-pole 
fully  monolithic  filter;  It  measures  11.0  x  4.7  x  11.4 
mr. ,  and  has  a  terminating  Impedance  of  3000  ohms.  A 
somewhat  similar  filter  has  recently  been  Introduced 
In  a  highly  miniaturized  paging  receiver.  Figure  2 
shows  the  response  of  an  eight -pole  45  MHz  filter 
having  two,  four-pole  monolithic  sections.  Filters  of 
this  type  may  make  single  conversion  economical  In  800 
MHz  conventional  and  trunked  mobile  radio  systems. 


Second,  advances  In  wafer  fabrication  techniques 
allow  the  use  of  higher  fundamental  frequencies, 
making  both  higher  frequencies  and  wider  bandwldths 
available.  For  example,  the  development  of  cellular 
radio  for  the  800-900  MHz  band  has  created 
requirements  for  VHF  filters  having  bandwldths  of 
about  30  kHz  for  use  as  flrst-l.f.  filters.  Figure  3 
shows  a  four-pole  filter  now  In  production  using  two 
45  MHz  fundamental-mode  monolithic  two-poles.  It 
seems  likely  that  the  next  generation  of  equipment 
will  use  an  even  higher  l.f.  such  as  90  MHz,  figure 
4. 

The  use  of  unconventional  wafer  fabrication 
techniques  Is  extending  the  maximum  fundamental 
frequency  range  still  further.  Using  Ion-milling, 
Berte  and  co-workers  [2]  have  made  AT -cut  resonators 
at  frequencies  to  500  MHz.  These  resonators  have 
been  applied  to  filters  [3]  as  well  as  oscillators. 
A  drawback  of  the  Ion-milling  process  Is  Its  cost  and 
low  through-put.  One  alternative  Is  chemical 
etching,  using  the  ideas  of  VI 9  [4].  Figure  5  shows 
a  136  MHz  fundamental -mode  one-pole  filter  having  a  3 
dB  bandwidth  of  350  kHz  made  by  a  wet  etching 
process. 

Third,  frequency  and  bandwidth  may  be  extended 
upward  by  the  use  of  high-coupling  materials  rather 
than  quartz.  Some  use  has  been  made  of  X-cut  lithium 
tantalate  [3],  Synthetic  berlfnite  [5]  appears  even 
more  promising  than  lithium  tantalate  If  growth 
problems  can  he  solved.  Lithium  tetraborate  Is  a 
very  recent  candidate  [6J. 

3.  DATA  TRANSMISSION  FILTERS 

Increasing  use  of  digitally-encoded  signals  In 
such  diverse  applications  as  secure  communications 
and  paging  systems  Is  creating  requirements  for 
crystal  filters  having  good  pulse  response  as  well  as 
high  selectivity.  Conventionally,  gusslan- 
approximatlon  filters  have  offered  the  former, 
Tchebycheff  and  elliptic -function  filters  the 
latter.  Neither  Is  adequate  for  many  new 
requirements. 

For  such  applications  the  crystal  filter 
designer  needs  to  have  a  range  of  approaches  at  his 
disposal.  Two  are  Illustrated  here  —  one 
minimum-phase  and  the  other  non-minimum-phase.  Both 
examples  use  tandem  monolithic  topology.  Figure  6 
shows  a  six-pole  transitional  Butterworth-Gaussl an 
filter  with  added  transmission  zeros  which  offers  a 
2:1  delay  Improvement  over  a  Butterworth  filter 
having  the  same  SO  dB/3  dB  selectivity,  at  the 
expense  of  one  resonator.  The  six-pole  filter  of 
figure  7  uses  a  Rhodes  function  [7]  approximation  of 
the  type  first  applied  to  crystal  filters  ty  Harzlg 
and  Swanson.  [8].  For  this  filter,  the  group  delay  Is 
almost  constant  over  65S  of  the  passband.  Though  not 
yet  optimum,  the  filter  Illustrates  the  power  of  the 
non-minimum-phase  approach. 
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Over  the  pest  decade  there  has  been  Increasing 
awareness  and  understanding  of  nonlinear  effects  In 
crystal  filters  [9,  10,  11].  The  most  Important  forms 
of  nonlinear  behavior  in  the  applications  are  Inter, 
modulation  (of  both  In-band  and  out-of-band  signals). 
Increased  phase  noise  (especially  in  frequency 
synthesis)  and  amplitude  nonlinearity  (especially  In 
Instrumentation.)  Each  new  generation  of  systems 
results  In  Increased  restrictions  on  one  or  another  of 
these,  as  the  linearity  of  other  system  components  1$ 
Improved.  Improvement  In  crystal  filter  linearity  is 
achieved  ty  process  refinements  as  well  as  by  Improved 
device  design.  Figure  8  shows  the  amplitude  linearity 
of  a  20  MHz,  four-pole  monolithic  filter.  Passband 
attenuation  varies  less  than  .00$  d8  over  a  30  dB 
range  of  signal  level. 

5.  PACKAGING 

Several  present  and  future  needs  will  Influence 
the  evolution  of  crystal  filter  packaging  techniques: 
a  need  for  further  miniaturization,  a  need  for  cost 
reduction  In  high-volume  applications,  and  needs  for 
surface-mounting  and  hybrid-compatible  filters.  Only 
the  first  of  these  will  be  addressed  here. 

Conventionally,  each  resonator  or  monolithic 
filter  unit  Is  contained  In  Its  own  HC-serles  or 
TO-serles  enclosure.  This  approach  Is  easy  to 
Implement  and  can  be  used  over  the  entire  crystal 
filter  frequency  range.  At  high  frequencies  quite 
small  filters  can  be  made.  Above  20  MHz  HC-45-derl ved 
packages  allow  a  high  degree  of  miniaturization  to  be 
achieved.  Fig.  9.  An  eight-pole  tandem  monolithic 
filter  measures  only  13.6x8.8x11.5  mm. 

Single-wafer  packages  present  a  limit  to 
achievable  miniaturization  which,  potentially,  can  be 
circumvented  by  multi-wafer  packages.  The  most 
notable  example  Is  the  stacked-ring  construction 
Introduced  by  Sheahan  [12],  A  simpler  approach, 
limited  to  two  wafers,  1$  shown  In  figure  10  [13]. 

6.  COST  REDUCTION 

The  widespread  use  of  monolithic  filters 
beginning  around  1970  came  about  In  part  because  of 
the  economic  advantage  which  they  offered  —  not  only 
over  discrete-resonator  crystal  filters  but  also  over 
other  forms  of  filtering.  In  system  design  there  1$ 
ordinarily  flexibility  In  choosing  the  frequency  or 
frequencies  at  which  the  filtering  function  Is  to  be 
performed,  thus  allowing  different  filter  technologies 
to  be  used.  The  choice  almost  always  Includes 
economic  considerations. 

Hence,  future  growth  of  crystal  filters,  both 
discrete  and  monolithic.  In  many  applications  depends 
upon  continued  cost  reduction.  This  will  be  achlevod 
in  part  through  economies  of  scale,  but  Is  heavily 
dependent  on  Introduction  of  process  automation  and 
batch  process  techniques.  Limitations  in  this  regard 
are  the  present  lack  of  product  standardization  and 
the  fragmented  character  of  the  market. 
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ABSTRACT 

-^The  physics  of  SAW  bandpass  filters  will  be  reviewed 
enphaeising  those  aspects  which  directly  iapact  filter 
performance.  Next,  soae  of  the  design  trade-offs  in 
these  filters  will  be  discussed  including  insertion 
loss  versus  fractional  bandwidth,  skirt  steepness 
versus  device  else  and  cost,  and  the  characteristics  of 
various  substrates  which  are  coaaonly  used.  Examples 
of  various  filters  will  be  given  including  filters  for 
television  If,  satellite  receivers,  and  data  communica¬ 
tions  systems.  Generalised  performance  curves 
achievable  with  SAW  bandpass  filters  will  be  presented. 
Projections  of  future  developments  including  SAW 
resonator  bandpass  filters  and  single- phase  uni¬ 
directional  transducer  filters  will  be  discussed.^ — 


HTBOPUCTIOI 


The  Surface  Acoustic  Ware  (SAW)  field  has  matured  to 
the  point  that  at  least  two  distinct  generations  of 
bandpass  filter  devices  are  apparent.  This  paper  will 
review  the  principles  of  operation  of  these  two 
generations  of  devices  with  special  emphasis  os  the 
design  trade-offs  that  should  be  considered  in 
specifying  SAW  filters.  In  addition,  future  devel¬ 
opments  and  the  beginnings  of  the  third  generation  of 
SAW  filters  will  be  discussed. 

Section  I  will  review  the  principles  of  operation 
and  the  various  inplenentatlona  of  filters.  It  will 
discuss  the  design  approaches  and  modeling  techniques 
and  derive  the  equations  for  the  input  impedances  of  a 
SAW  filter.  3ection  I  will  conclude  with  a  discussion 
of  the  effects  which  degrade  filter  psrfornance,  how 
designers  deal  with  then,  and  what  to  expect  in  terns 
of  filter  performance. 

Section  II  will  illustrate  SAW  filter  capabilitiea 
through  examples  of  four  production  devices, 
limitations  and  capabilitiea  will  be  pointed  out,  with 
particular  attention  given  to  how  consideration  of  the 
these  limitations  and  capabilities  at  the  system  design 
stage  has  mads  best  use  of  SAWs  and  has  provided 
improved  system  performance. 

Section  III  will  present  soae  early  results  of  work 
underway  to  develop  the  third  generation  of  SAW 
filters.  Most  notably,  single- phase  unidirectional 
transducers  (SHJDT),  and  coupled  resonator  filters  will 
be  shown. 


i.  mxcims  of  omATioi 

Figure  1  ill uetra tee  the  configuration  of  a  typical 
first  generation  SAW  filter.  It  oonalata  of  a  pie  to¬ 
ol  ec  trio  substrate  suoh  as  quarts  or  LllbO,  on  which  a 
natal  lied  electrode  pattern  (typleally  an  Alta  In  us  film 
a  few  thouMnd  Angstroms  thick)  la  photolltho- 
graphically  produced .  The  electrode  pattern  allow*  an 
also  trio  field  to  be  applied  to  the  aubatrato,  whioh, 
being  pieaoaleotric  develops  a  strain  whioh  Manifests 
itaelf  as  an  acoustic  save  propagating  away  froa  the 
traneduoer.  In  selected  cuts  of  materials,  a  aurfhee 
wave  (aa  oppcaad  to  a  bulk  wave)  la  excited  shioh 
propagates  along  tha  surface  of  the  aubatrato. 
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FIRST  GENERATION  SAW  DEVICE 


Pig  1 :  Illustration  of  first  generation  SAW  device 

showing  the  the  relationship  between  electrode 
structure  and  and  impulse  response. 


The  filtering  properties  of  SAW  devices  arise  froa 
the  fact  that  the  degree  of  coupling  to  weves  of  a 
desired  frequency  depends  upon  the  size  of  the  overlap 
integral  of  the  desired  wsve' s  surface  potential  and 
the  charge  distribution  of  the  electrode  pattern. 
Consequently  a  transducer  can  selectively  excite  waves 
of  a  controlled  frequency  band  by  controlling  the 

pattern  of  the  electrodes.  If  the  electrodes  are 

closely  spaced,  the  frequency  goes  up,  broader  spacing 
lovers  the  frequency.  Use  of  a  large  number  of 

electrodes  generally  narrows  the  bandwidth,  wharaas 
decreasing  the  number  of  eletrodea  generally  widen  it. 

The  surface  wave  is  essentially  non-diaperaiva,  and 
has  little  propagation  attenuation.  Since  it 
propagates  along  the  surface  it  can  be  transversely 

tapped,  hence  it  can  be  modeled  as  a  transvsrsal  filter 
in  the  sane  way  as  tapped  delay  lines,  CCD  filters,  and 
digital  finite  impulse  response  filters  (collectively 
known  as  Finite  Impulse  Reeponse  Filters  or  FIX 
filters.) 

Unlike  the  olaasleal  FIX  filters,  the  smrfaoe  wave 
generated  by  on#  transducer  is  sampled  and  thus 
filtered  by  a  second,  output,  transducer.  Utilizing  the 
fact  that  the  propagating  wave  has  accompanying  it  a 
surface  potential  arising  froa  the  piesoelectrio 
effaot.  As  a  result,  a  3AW  filter  la  essentially  a 
oasoada  of  two  FIX  filters  where  the  two  filters  are 
the  two  transducers. 


Impnlas  Response  Medal 

Soae  comments  are  In  order  harm  oonosrning  Fa 
filter  design,  whioh  will  asks  eloer  what  drlvee  the 
length  and  seat  of  a  filter  and  will  4ww  that  labaad 
ripple  arises  met  only  froa  tlm*  spars  bat  also  from 
tha  theoretical  llmltatloea  on  finite  length. 


k  periodically  easpled  transversal  filter  such  as  a 
SAV  transducer  has  a  frequency  response  given  by[l  J: 

H(f)  -  Z  K  e-j2irif/fs#-p  (1) 

i»l  1 

Whore  there  ere  8  periodically  sampled  taps  at  tiae  t  * 
t/f  ia  the  eo- called  sampling  frequency). 

H(f7ih  the  frequency  reaponae  of  the  tranaducer.  It 
goes  without  saying  that  the  previous  discussion  holds 
true  for  the  second  transducer  as  well,  and  that  the 
combined  response  ooneists  of  the  product  of  the  two 
transducers '  responses . 

Several  things  are  worth  noting  at  this  point:  H(f) 
is  periodic  with  a  period  of  faaB-.  Thus,  if  a 
passband  is  located  at  frequency  r  then  a  pasaband  ia 
also  located  at  f_+f3aa_.  So,  if  we  have  sampled  at  4 
times  the  center p frequency  of  the  passband  (a  sample 
rate  commonly  used  in  first  generation  devices  because 
4  electrodes  per  wavelength  cancel  reflections  off  the 
electrode  edges)  then  we  can  expect  a  fifth  harmonic 
response.  In  addition,  the  image  frequency  at  -f  will 
generate  another  response  at  -f  ♦  f  *  3f_  which  is 
a  third  harmonic  response.  In  general ,  a  transducer 
with  4  electrodes  per  wavelength  will  generate  all  odd 
harmonics.  Three  electrodes  per  wavelength  will 
generate  the  2nd,  4th,  5th,  etc.,  harmonica. 

Another  point  to  make  about  equation  (l )  is  that  if 
we  impose  the  restriction  that  the  samples  have  even 
symmetry  (h^  «  h„_ j )  then  we  have  for  the  ease  of  odd 


H(f)  •  e 


-j2wf(Nvl)/2f 


samp  h.  N  ♦ 


(2nf (i- 


2hjCos 


That  is,  that  H(f)  has  linear  phase.  Thus,  SAW  devices 
can  be  designed  with  linear  phase.  In  fact,  the  phase 
and  amplitude  characteristics  of  SAV  filters  can 
( largely)  be  specified  independently  if  the  time 
symmetry  restriction  is  dropped. 

If  in  equation  (O  we  replace  the  exponential  term 
with  Z,  we  have  the  well  known  Z-transform: 

N 


pair  of  transducers  which  when  working  together  in 
cascade  yield  an  optimised  response. 

filter  Length 

So  much  for  the  easy  part,  getting  H(f)  given  hi  ia 
no  problem.  Getting  the  optimal  tine  response  that 
will  meet  certain  frequency  constraints  is. 
Fortunately,  many  tools  have  been  developed  by  the 
digital  signal  processing  field  for  doing  just  that. 
The  most  successful  being  an  algorithm  developed  by 
Bernes  and  extended  by  Parks  and  HcClellan[2]  which  will 
take  a  frequency  specification  of  desired  values  and 
relative  ripple  or  rejection  levels  and  will  produce  an 
impulse  response  of  a  given  length  which  will  minimise 
the  absolute  ripple  levels.  The  designer  then  modifies 
the  filter  length  until  the  program  gives  the  absolute 
ripple  level  desired. 

One  night  guess  that  the  filter  length  would  simply 
go  as  the  inverse  of  the  transition  bandwidth,  but  a 
more  accurate  relationship  has  been  determined  by 
Rabiner[3]>  By  compiling  hundreds  of  results  of  the 
trial  and  error  approach  for  low  pass  prototypes 
Kabiner  vaa  able  to  empirically  fit  the  following 
equation: 


D(6  ,6  ) 


-  C(6,.62)AF  ♦  1 


Where  Z  »  e"j2lTf/fsaap 


DC«,.«2)  -  {a^Log^d,)2  ♦  m2  Lo«10  6,  ♦  Sj)  Log10«»  ♦ 
a4(Log106,)2  *  *5  LO,106‘  *  a6 

C(fil,6j)  *  bj  ♦  b2  (Log106i  -  Logjgd j) 

6  «  The  ripple  level  in  the  passband 
and  stopband. 


5.309  X  10* 
7.114  X  10* 
-4.761  X  10* 
-2.66  X  10* 
-5.941  X  10* 
-4.278  X  10* 
11 .01217 
0.51 244 


which  ia  simply  a  polynomial  in  Z  of  order  H-t. 
Because  Z  is  a  trigonometric  funotion  of  f,  this 
expression  is  also  referred  to  as  a  trigonometric 
polynomial  in  f.  As  with  any  polynomial,  the  roots  of 
this  trigonometric  polynomial  can  be  found.  Stopband 
nulls  correspond  to  seroa  on  the  unit  circle  in  the  Z- 
plane  and  passband  ripples  correspond  to  zeros  lying 
near  the  unit  circle  in  the  vicinity  of  the  passband 
response.  A  desired  time  response  can  be  broken  into 
two  time  responses  by  factoring  the  polynomial  and 
simply  assigning  the  seroa  to  one  or  the  other  of  the 
transducers.  In  this  way,  it  is  possible  to  arrive  at  a 


1 Later  we  will  introduce  the  frequency  contribution  of 
the  "element  response",  a  Green’s  funotion  aooounting 
for  the  fact  that  the  aon-taro  width  of  the  electrodes 
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"element  factor”  along  with  the  effeota  of  aatohlng 
circuits  can  strongly  effeot  and  even  null  out  a 
harmonic  response,  leverthelesa ,  it  ia  oonmcn  for  SAV 
filters  to  eshibit  harmonic  responses. 


This  expression  ia  quite  accurate  for  symmetrical 
band- pass  filters  and  can  be  used  to  give  the  physical 
length  of  a  filter  given  the  SAW  velocity,  V,  for  that 
material: 

L  ■ » v/w 

In  actual  practice,  about  2  extra  millimeters  are 
added  for  dicing,  hand el lag,  and  acoustic  absorber. 
Figure  2  plots  this  length  as  a  function  of  the 
transition  bandwidth  for  a  narrowband  filter  centered 
at  lOOMHs  and  operating  on  a  quarts  substrate  with  a 
velocity  of  about  3>14  M/uaee.  The  parameter  im  the 
rejection  level  for  a  fixed  iaband  ripple  of  0.5dB  peek 
to  peak.  As  the  length  increases,  the  pmekmglag  and 
handling  costs  inorease  which  are  reflected  im  a  very 
approximate  way  ill  net  re  ted  .cm  the  right  aide  of  the 


highly  dependent  upon  the  else  of  the  ncrhst  aad  the 
non-recurring  ooeta,  but  the  east  faotmrm  should 
provide  an  insight  into  the  offsets  of  the  gaodgh 
paraaetera  on  the  final  ooste. 


Tranefflon  Bandwidth  (in  MHz) 


Fig  2:  An  idealization  of  the  problem  of  filter 

length  and  cost  to  illustrate  the  effects  of 
transition  bandwith  and  rejection  level.  The 
paradigm  is  based  upon  a  100MHz  filter  with 
0.5dB  peak  to  peak  inband  ripple  on  quartz, 
with  2mm  of  extra  length  for  absorber  and 
handeling.  The  family  of  curves  are  for 
different  rejection  levels.  The  curves  are 
based  upon  the  length  equation  discussed  in 
the  text  and  should  be  used  with  caution. 

Element  Factor 

The  previous  discussion  is  quite  general  and  does 
not  distinguish  SAVs  from  pairs  of  CCD  filters  or 
digital  FIR  filters  in  any  way.  The  first  and  most 
obvious  distinction  is  that  a  SAV  device  is  an  analog 
device  which  does  not  have  perfect  impulses  as  samples. 
The  charge  distribution  on  the  electrode  peaks  at  the 
two  electrode  edges  instead  of  having  an  impulse  in  the 
electrode  center.  Consequently,  the  impulse  response 
must  be  modified  to  represent  the  actual  driving 
function  of  an  individual  electrode  (in  a  uniform 
array).  At  center  frequency,  with  4  electrodes  per 
wavelength,  this  amounts  to  a  slight  tilt  to  the 
passband,  but  harnonic  responses  are  greatly  modified. 
At  these  higher  frequencies,  the  element  factor  also 
becomes  sensitive  to  the  metalization  ratio.  As  a 
result,  harmonic  designs  only  slightly  reduce  the 
photolithographic  tolerances  over  fundamental  designs. 

To  summarize  to  this  point,  then;  the  overall  filter 
response  can  be  represented  by  a  product  of  the  the 
frequency  responses  of  each  transducer,  which  in  turn 
is  the  product  of  the  element  factor  and  it's  array 
factor  calculated  from  the  impulse  response  model.  In 
addition,  there  is  an  impedance  matching  circuit 
response  which  is  dependent  upon  the  system  impedance 
level  and  the  equivalent  circuit  of  each  transducer.  We 
consider  this  next. 

Equivalent  Circuit 

SAW  transducers  appear  principally  as  a  somewhat 
lossy  capacitor.  The  capacitance  Increases  with  the 
number  of  interdigitated  electrodes,  tha  overlap  of  the 
electrodes,  the  metalisation  ratio,  and  the  effective 
dielectric  constant  of  the  substrate  cut.  The  total 
capacitance  is  given  by: 

CT  •  I  w  c, 

where  W  is  the  beamvidth  and  C#  u  dependent  upon  the 
substrate  cut,  the  metalisation  ratio,  the  affective 
dielectric  constant,  and  the  electrode  connections 
(there  is  no  oapacitancs  between  electrodes  of  the  same 
potential.) 

Connected  in  parallel  with  the  capacitance,  and 
accounting  for  the  acoustic  radiation,  is  a  oonduetanoe 


term,  G  which  for  a  uniform  beamwld th  transducer,  can 
be  found  from  energy  conservation  to  be  [♦]: 

Ga(£)*8K2  fQCsW  H(f)  2  F2(f/fo,p) 

Where:  k  is  the  material  dependent  coupling  constant, 
and  F(f/f  u)  is  the  element  factor  which  is  dependent 
upon  both°the  frequency  and  the  metalisation  ratio,  u. 

For  a  transducer  that  does  not  have  a  uniform 
beamwidth,  the  actual  Ga  ia  decreased  somewhat  and  can 
be  evaluated  by  analyzing  the  transducer  aa  many 
"tracks"  of  uniforn  transducers  working  in  parallel. 

For  a  uniform  transducer  with  S  electrode  pairs,  the 
radiation  conductance  is  approximately  given  by: 

G  (f)=8K2f  CUN2 
a  7  os  X 

Where  X=  2v  N(f-f0)/f0 
and  f  i8  the  center  frequency  of  operation. 

Notice  that  as  the  material  coupling  constant,  k, 
decreases  (say,  as  we  go  from  LiNbO^  to  Quartz)  then  Ga 

decreases  as  k^.  G  aiso  goes  as  N^>  and  linearly  with 
the  wid  th . 

In  an  unweighted  transducer  where  all  tap  weights 
have  tne  same  strength,  the  bandwidth  goes  inversely 
with  the  number  of  taps,  N.  Consequently,  G  goes 
inversely  with  the  square  of  the  fractional  bandwidth. 
Recalling  that  the  transducer  capacitance  goes  as  N,  or 
inversely  with  the  fractional  bandwidth,  we  know  that 
the  transducer  Q  will  go  as  the  fractional  bandwidth. 
A  more  carefull  analysis  where  the  frequency  response 
function  is  approximated  by  a  rectangular  function 
whose  energy  must  equal  the  energy  in  a  tine  function 
which  is  also  a  rectangular  function,  yields  an 
expression  for  Q  of: 


where  EW  is  the  noise  bandwidth  of  the  transducer. 
This  expression  is  a  good  approximation  even  for 
apodized  transducers.  This  expression  makes  clear  that 
as  the  fractional  bandwidth  increases,  the  Q  increases, 
possibly  to  the  point  that  it  becomes  the  limiting 
factor  of  the  bandwidth.  That  is,  when: 


the  bandwidth  is  limited  by  the  electrical  Q  of  the 
transducer  and  must  be  compensated  for  by  using 
resistivs  loading,  thus  introducing  losses.  Thsse 
losses  and  th#  critical  bandwidth  at  which  the  losses 
arise  are  illustrated  in  figure  3.  Notice  how  higher 
coupling  materials  such  as  LiHbQ,  can  provide  low  loss 
over  a  wider  fractional  bandwidth  than  can  Quarts. 
This  particular  figure  illustrates  loading  losses  only 
and  not  apodization  loss,  bulk  wave,  or  other  losses. 
Also,  for  bidirectional  devices  there  is  an  additional 
6dB  of  loss.  As  a  result  of  these  loading  losses,  wide 
bandwidth  devices  are  best  suited  for  high  center 
frequencies  of  operation. 

One  further  complication  Mat  be  added  to  the 
equivalent  circuit,  a  reactance  Bl  meat  be  included  to 
insure  causality.  As  it  a  toads,  a  unit  impulse  of 
voltage  would  generate  a  current  given  by  toe  inverse 
Fourier  transfers  of  toe  complex  sooastio  adnitonoe. 


Second  Order  Effects 


UNIVERSAL  INSERTION  LOSS  CURVE 


fig  3:  Insertion  loss  versus  fractional  bandwidth 

curve  based  upon  the  Q  loading  required  to 
maintain  a  given  bandwidth  as  discussed  in  the 
text.  Bo  bidirectional  or  other  losses  are 
considered. 

To  Insure  that  it  only  have  positive  tine  components  we 
need  for  fln( f)»  Ga(f)  ♦  J2*ICT  ♦  jBa( f).  The 

condition  that  P"1  (Y,  )  be  causal  requires  that  Ba(f) 
be  the  Hilbert  transform  of  Ga( f) . 

For  the  uniform  transducer  cases 


In  actual  practice  several  difficulties  limit  the 
applicability  of  the  impulse  response  model.  lo 
account  has  yet  been  made  of  diffraction,  bulk  waves, 
regeneration,  matching  circuit,  or  triple  travel. 
Table  1  lists  the  more  coon on  of  these  spurious  effects 
and  their  impact  in  both  the  time  and  frequency 
domains.  Illustrating  selected  effects  is  figure  4. 
An  idealized  time  response  to  a  narrowly  gated  HP  burst 
is  shown  in  figure  4a.  Botice  a  small  R?  burst  leaking 
through  the  device  at  t*0.  This  feed  through  or  cross¬ 
talk  arises  from  limited  isolation  and  can  be  solved 
with  improved  packaging  and  mounting.  In  the  frequency 
domain,  crons- talk  is  seen  as  a  sloping  limit  to  the 
ultimate  rejection  in  figure  4b.  As  time  increases, 
the  desired  time  response  is  observed,  in  this  case  a 
10*  bandwidth  filter  centered  at  100MHz  with  50dB  of 
rejection  and  1  dB  peak  to  peak  inband  ripple.  The 
skirts  are  IJtHz  wide  yielding  a  shape  factor  of  1.2. 

At  various  times  bulk  waves  appear,  here  shown 
idealized  and  centered  at  2.25uSec.  Bulk  waves  have  a 
higher  velocity  than  the  surface  waves  but  (in  the  case 
illustrated)  can  bounce  off  the  bottom  of  the  chip 
taking  a  longer  path  than  the  SAW  does.  In  the 
frequency  domain,  the  bulk  waves  appear  on  the  high 
frequency  side  about  10-20*  higher  in  frequency  than 
the  lowest  frequency  in  the  pass  band  and  at  an 
amplitude  commonly  in  the  40  to  50 dB  range. 


>.(« 


G  (f  ) 
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Sin  (2X)  -2X 

2X2 


Where:  X  -  Nn(f  -  fQ)/f0 


B  (f)  peaks  at  f-f0-f0/2B  (half  the  distance  to  the 
first  null  of  G  about  4dB  down  from  the  peak)  with  a 
value  of  G  (f  )2/»0O  the  low  frequency  Side  and  the 
negative  o\  that  on  the  high  frequency  aide.  Por  all 
symmetric  responses  B,(  fo)-0. 

Ignoring  bulk,  parasitic,  and  apodization  losses  an 
untuned  transducer  will  have  an  insertion  loss  of: 

2C,  CL 

IL  -  -10  Log1() 

(VV  +  {2"fCT  +  V 

for  a  bidirectional  transducer  and  a  load  inductance 
of  G, .  (The  total  insertion  loss  of  the  device  is  the 
sun  of  the  losses  for  eaoh  transducer.) 
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Pig  4:  Idealised  effwots  of  spurious  signala.  a) 
shows  the  effects  of  bulk  waves  in  the  tine 
domain  where  the  spurious  signals  have  been 
scaled  by  a  factor  of  10  for  visibility,  b) 
Illustrates  the  effeota  the  spurious  signals 
have  in  the  frequency  domain. 


At  a  tiae  ttaraa  tiaos  tha  group  delay,  the  triple 
travel  signal  can  be  seen.  As  a  rave  encounters  a 
transducer  eoae  of  its  energy  is  absorbed  in  the 
electrical  load  but  aoae  is  also  regenerated  as  a 
reflected  SAW  rave.  For  the  untuned  case,  the  acoustic 
reflection  off  of  a  transducer  is  given  by  : 


R  *  10  Log10 


(V  V2  *  (2ltfCT  *  Ba)2 


The  triple  travel  arises  when  the  desired  signal 
reflects  froa  the  output  transducer  and  reflects  a 
second  tiaa  froa  the  input  transducer  to  reappear  at 
the  output  after  having  thus  traveled  the  propagation 
distance  three  tiaes.  Thus  the  triple  travel  strength 
relative  to  the  nain  response  will  be  the  sud  of  the 
reflections  off  the  two  transducers.  In  many  cases  of 
interest ,  the  triple  travel  suppression  relative  to  the 
aain  response  is  approximately  given  by:  TT  ■  II  ♦  6dB. 

Similarly,  there  are  fifth,  seventh,  nineth  etc. 
transit  signals  that  can  contribute  in  and  out  of  phase 
with  each  other.  In  the  idealised  frequency  response 
shown,  the  device  was  assuaed  to  have  15dB  of  insertion 
loss  so  that  the  triple  travel  signal  was  suppressed 
about  36dB.  This  contributes  to  a  0.28dB  inband 
ripple  and  a  2°  phase  ripple.  pp 

Botice  that  such  ripple  due  to  tine  spurs  are  of  a 
wholly  different  origin  than  the  aaplitude  ripple 
designed  in  the  nain  response.  An  TIB  filter  can  have 
aaplitude  ripple  (sometimes  called  Gibbs  ripple) 
ariaing  froa  the  finite  length  of  the  time  response. 
But  notice  that  the  Gibbs  ripple  does  not  aocoapany 
phase  ripple  nor  does  it  accompany  time  spurs. 
Consequently,  it  can  be  Important  to  specify  amplitude 
and  phase  ripple  separately  or  to  specify  time  spurious 
suppreslon. 

Second  Generation 


Application  of  this  unidirectional  scheme  allows  the 
6dB  bidirectional  losses  to  be  eliminated,  but  more 
importantly,  the  triple  travel  signal  can  be  well 
suppresed  and  as  a  result,  the  device  need  not  be 
mismatched  to  suppress  the  triple  travel,  in  fact, 
minimizing  the  insertion,  loss  maximizes  the  triple 
travel  suppression. 

II.  FILTER  EXAMPLES 

As  an  Illustration  of  the  application  of 
second- generation  filters,  figure  6  shows  a  super¬ 
position  of  spectrum  analyzer  data  for  some  10  channel 
4  bandpass  filters.  In  a  "simplified"  matching  circuit 
which  has  a  capacitor,  two  fixed  coils  and  one  variable 
coil  this  device  exhibits  an  insertion  loss  of  less 
than  8dB.  In  a  fully  matched  circuit  less  than  6dB 
Insertion  loss  in  possible.  Ibis  filter  and  others 
similarly  designed ,  for  the  channel  2  and  channel  3 
bands  are  over  5-5BHx  vide  at  the  IdB  points  and  have 
over  25dB  rejection  of  the  adjacent  audio  and  picture 
carriers  1.25KHs  away  froa  the  IdB  points. 

8.  CHANNEL  4  FILTER  VARIATION  . 


One  way  to  reduce  the  insertion  loss  is  to  introduce 
a  third  phase  in  the  electrode  pattern  which  will 
excite  a  SAW  wave  in  only  one  direction.  Just  as  in  CCD 
filters  or  even  theatre  marquees,  three  separate  phases 
are  the  ninlaaa  needed  for  unidirectionality  and  good 
unidirectioal  performance  is  achievable  over  moderate 
band wi tha . 

Figure  5  demonstrates  an  implementation  of  the 
three- {hase  air  gap  crossover  unidirectional 
transducer.  The  air  gap  is  needed  to  drive  the  three 
Independent  phases  on  a  planar  structure. 

8ECOND  GENERATION  SAW  DEVICE 


Fig  5i 


Air-gap  crossover  unidirectional  devloe 
structure  representing  the  second  generation 
of  SAW  filters. 
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Frequency  (MHj) 

Fig  6:  Overlay  of  some  10  channel-4  bandpass  filters. 

In  order  to  seat  stringent  cost  constraints,  this 
filter  was  made  to  fit  on  a  LiHbO,  substrate  measuring 
10.4  x  2.8  am  on  a  side.  Since  the  teo  transducers  had 
to  be  in  -  line  no  aultistrip  coupler  could  be  used. 
Also,  conventional  withdrawal  weighting  could  not 
provide  the  performance  needed .  Instead,  a  finer 
gradation  of  withdrawable  taps  rare  generated  by 
oversampling. 

A  mors  conventional,  first  generation,  filter  is 
presented  in  figure  7  whisk  shows  the  reproducibility 
of  15  digital  modem  filters  Incorporated  in  the 
Scientific  Atlanta  model  6402  broadband  sodom.  Using  a 
Q ASK-16  modulation  sohmae,  this  IF  filter  ham  a  vary 
tight  phasa  linearity  apse,  of  ♦_  2°  and  an  aaplitude 
ripple  of  0.3dB .  As  afeora  on- the  expanded  seal#  of 
figure  7a,  it  ran  ho  moss  to  moat  theae  very  tight 
space  on  a  medium  aemlm  prod  motion  least,  this  filter 
has  a  IdB  bandwidth  of  720KXz  centered  at  190-125NI* 
and  with  an  insertion  lose  of  2}dB. 

A  third  axaaple  is  at  IF  filter  for  3ATT  twoelver 
application,  Mora  in  figure  6.  This  assent  gone ratios 
filter  aehiovos  as  8dB  insertion  less  ui  n  IdB 
bandwidth  of  SOURS.  Botloe  that  at  a  oeeter  froqwtaoy 


tig  7j  The  repeatability  of  a  first  generation  filter 
la  illustrated  for  a  Digital  Nodes 
application.  The  device  has  23 dB  of  loss  at 
150. 125NH*  and  a  IdB  bandwidth  of  720KH*. 

of  596HH*  this  filter  has  a  5%  fractional  bandwidth,  if 
this  filter  had  been  designed  to  operate  at,  say, 
70HHs,  it  would  have  a  44 %  fractional  bandwidth.  Such 
large  fractional  bendwldtha  are  problenatlo  because  of 
rsstriotsd  flexibility  of  weighting  techniques. 
Interference  froa  bulk  aode  and  diffraction  distortion, 
difficult  iapsdance  watching,  and  Increased  insertion 
lose.  Hence,  for  this  and  other  reasons,  3AV  filter 
perforaanoe  la  often  la  proved  with  higher  0  enter 
frequencies . 

Figaro  9  illustrates  a  filter  designed  under 
contract  with  the  ICC  as  an  alternative  TYIF  stags. 
Operating  at  448.725HHS,  and  with  a  3dB  bandwidth  of 


the  picture  carrier  and  has  a  'sound  shelf  designed  on 
the  low  freqpenoy  side  to  prevmit  crosa- modulation  with 
the  sound  carrier.  Built  on  ST-Quarta  the  2*7  x  10.4  am 
site  filter  fits  in  a  standard  TO -8  translator  header. 

The  develoiaent  of  this  filter  and  the  related  TV 
receiver  was  under- taken  for  the  ICC  to  study  the 
feasibility  of  adjacent  channel  allocation  of  the 
television  bands.  In  nesting  all  major  design  goals, 
this  filter  exenplifies  the  significant  performance 
iaproveaents  available  with  SAtfa,  particularly  when  the 
system  and  component  design  is  done  hand  ir  hand. 


Fig  8:  An  SATV  IF  filter  centered  at  596HH*  has  an 

insertion  loss  of  8dB.  The  filter  has  a  30NHs 
IdB  bandwidth. 


F  -  447  MHz 
o 


411  Hb,  this  filter  exhibits  a  loss  of  6.541  and  5041  of 
rejection  on  Quarts.  This  filter  also  illustrates  the 
ability  of  84V  filters  to  hare  a  00a  pi  looted  and 
Independent  amplitude  and  phase  oharaoterletle,  this 
filter  has  a  d  sained- in  fhase  reap  ones  which 
opapiaaatia  far  ewer  60*  of  phase  diatertioa  introduced 
at  the  television  transmitter  and  ether  parts  ef  the  TV 
receiver.  In  addition,  it  is  vestigial!/  weighted  near 


Fig  9>  A  filter  designed  for  the  FOC  for  an  alter¬ 
native  TVXF,  has  an  insertion  loos  of  6.5dB  at 
a  oenter  frequency  of  447KIS.  the  exhibits 
the  ability  of  84V  filters  to  implement 
oonplex  amplitude  aad  phase  oharecterlatios, 
the  filter  has  a  sound  shelf  and  phase  o» 
panaatlen  over  a  4Nfc  hand  el 4th. 


IV  SUMMARY 


III  OUTLOOK  FOR  THE  FUTURE 


A  joining  of  SAV  resonator  and  filter  technologies 
are  becoaing  possible  with  the  advent  of  coupled 
resonator  filters.  As  seen  in  figure  10  the  peaks  of 
two  resonances  are  apparent,  showing  how  resonators 
with  band  widths  typically  too  aaall  for  filter 
applicatlona  can  be  contained  to  yield  a  larger 
bandwidth  but  one  still  too  aaall  to  implement  with  a 
low  cost  conventional  SAW  filter. [5] 

Another  advance  is  underway  in  making  a  Single  Phase 
Unidirectional  Transducer  (SHJDT)  which  essentially 
incorporates  a  reflecting  array  inside  a  transducer 
structure  to  reflect  the  backward  traveling  surface 
wave  forward,  without  the  seed  for  external  phasing 
networks  .[6] 

Diagramed  in  figure  1 1 ,  the  SRJDT  has  not  yet  been 
used  in  a  production  device,  but  it,  along  with  the 
coupled  resonator  filter  appear  to  be  the  beginning  of 
a  third  generation  of  SAV  filters  that  hold  great 
promise  for  both  low  cost  and  low  insertion  loss. 


The  major  advantages  of  SAV  filters  are: 

0  Haas  producible  filter  from  HP  to  URF 
0  Reproducible  high  performance 
0  Independent  amplitude  and  phase  control 
o  High  intrinsic  Q 
o  Small  packaging 
0  Immunity  from  vibration 
0  Low  cost  in  voltmte 

Some  of  the  factors  limiting  SAV  filter  usage  are: 

o  Design  and  tooling  costs  are  usually 
costly  and  time  consuming 
0  High  precision  only  available  currently 
for  medium  to  high  bandwidth  filters 
0  Only  bandpass  functions  oan  be  implemented 

TABLE  II 

TYPICAL  SPECIFICATION  HANOI 


Csnter  Span 

215.084  MHz  1.000  MHz 

Fig  10:  An  early  coupled  resonator  filter  under 
development  at  RFM  shows  two  distinct 
resonances  that ,  as  combined ,  yield  a  broader 
bandwidth  than  a  single  resonator  can 
implement  and  a  narrower  bandwidth  than  can  be 
economically  made  from  a  conventional  SAV 
filter. 


Fig  11:  Schematic  of  a  Slagle  Phase  Unidirectional 
filter  which  incorporates  a  thicker  layer  of 
metal  on  every  other  eleotrode  to  provide 
reflecting  array  inside  the  t.ansduoer.  The 
reflections  can  be  made  to  cancel  in  one 
direction,  making  the  transducer  unidirec¬ 
tional. 


Center  Frequency 
Bandwidth  (idB) 
Insertion  Loss 

Skirt  Steepness 
Amplitude  Ripple 
Rejection 
Package 
Triple  Transit 


35  to  1000  MHz 

Up  to  20%  of  center  frequency 

4  to  10  dB  (Second  Generation) 
18  to  30  dB  (First  Generation) 

300  KHz  to  3  MHz 

0.1  dB  to  2  dB  peak  to  peak 

Up  to  50  dB 

TO-8,  TO-4, 14  and  16  pin  DIP 
45  DB  minimum  rejection 


More  specifically,  table  II  enumerates  the  current 
types  of  specifications  applicable  to  SAV  filters.  It 
goes  without  saying  that  the  extremes  of  these  ranges 
are  not  consistent  and  cannot  all  be  incorporated  in 
one  filter,  but  the  values  do  give  a  good  indication  of 
current  filter  capabilities. 

The  fact  that  these  devices  provide  highly  reliable 
filters  at  low  cost,  and  are  now  available  from  several 
manufacturers  make  them  a  key  technology  applicable  to 
a  wide  variety  of  filter  problems. 
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EHF  WAVEGUIDE  FILTERS 
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As  is  the  case  for  microwave  frequencies  and  below, 
filters  are  required  In  virtually  every  practical  EHF 
system.  They  provide  for  separation  or  combining  of 
different  frequencies  as  with  frequency  up*  and  down* 
converters  and  multipliers.  Even  a  relatively  simple 
receive-only  application  typically  requires  a  bandpass 
filter  In  front  of  the  mixer  for  Image  rejection  and 
channelizing.  Combinations  of  bandpass/bandreject  fil¬ 
ters  are  typically  employed  in  EHF  transceiver  appli¬ 
cations,  both  for  channel  separation  and  receiver 
protection. 

This  paper  will  present  a  synopsis  of  current  capabil¬ 
ities  in  EHF  waveguide  filters.  Emphasis  will  be  on 
standard  type  filters  rather  than  non-fundamental  mode 
and  dual-mode  filters.  The  latter,  although  offering 
the  potential  for  providing  the  ultimate  In  hlgh-Q 
performance,  have  a  rather  narrow  application  range  at 
lower  frequencies  and  no  current  practical  realization 
above  Ku-band.  Included  will  be  a  comparison  between 
theoretical  and  experimental  Q's  achievable  for  typi¬ 
cal  waveguide  filters  in  the  frequency  range  from  15 
to  100  GHz,  as  well  as  a  discussion  of  the  differences 
between  these.  Specifically,  bandpass,  hlghpass  and 
bandreject  filters  will  be  discussed.  In  addition, 
comparisons  will  be  made  between  standard  rectangular 
waveguide  filters  and  other  approaches  such  as  micro¬ 
strip,  suspended  strlpllne  and  dielectric  Image  guide. 
In  particular,  experimental  results  obtained  at  94  and 
140  GHz  will  be  presented  and  compared. 
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Introduction 

To  introduoo  tbs  topic  of  digital  filtering, 
first  consider  ban  conventional  passive  filters 
i  constructed.  The  configuration  is  s  succession 
resonant  sections  connected  in  cascade,  with  the 
aonance  contributing  either  an  anphasis  (pole)  or 
attentuatian  (tranwisslan  aero)  at  a  particular 
Kpjency .  boh  section  is  a  second  order  linear 
sten,  characterised  fay  a  resonant  frequency  and  a 
",  or  quality  factor  (figure  1). 

Such  a  filter  would  be  specified  by  a  f re- 
•ncy  response,  and  one  nust  determine  proper  L  and 
values  to  implement  the  design.  To  convert  such 
design  to  digital  form,  however,  one  nust  specify 
t  poles  and  seres  for  the  individual  second  order 
stions,  rather  than  the  L  and  C  values. 
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figure  2.  Quantitation  Theora 


Since  the  input  nust  be  in  digital  form,  we 
digress  momentarily  to  consider  two  important 
requirements  to  be  observed  in  the  A/D  conversion  of 
the  input  signal  to  the  filter  .^%hw  first  is  the 
band-limiting  of  both  the  spectrum  and  the  character¬ 
istic  function  of  the  signal}  the  second  is  to 
choose  both  a  sampling  rate  and  a  sampling  step  site 
that  will  preserve  respectively  the  spectral  and  the 
statistical  properties  of  the  signal,  the  first  of 
these  retirements  is  the  familiar  sampling  theorem 
of  Byqulst,  the  second  is  the  less  familiar  quantisa¬ 
tion  theorem  of  Hi drew.  An  analog  filter  is  com¬ 
monly  used  in  the  receiver  preceding  the  AA>  to 
band-limit  the  signal,  and  a  suitable  conversion 
rate  is  then  chosen. 

likewise,  since  signals  are  seldom  totally 
noise-free,  the  characteristic  function  is  band  lim¬ 
ited  by  "front  end"  noise  as  illustrated  in  figure 
2.  A  quantiser  stap-alse  is  than  chosen  at  twlos 


the  "finanaes*  of  the  background  noise,  fills  will 
allow  the  statistics  of  the  digital  system  output  to 
be  determined. 


A  digital  filter,  soldi  as  might  be  used  am  a 
tons  filter  in  a  modem,  could  he  one  of  the  "classi¬ 
cal*  types  (figure  3)  ...  Butterworth,  Chebyohev,  or 
Elliptic.  The  first  two  of  those  have  only  poles, 
which  are  arranged  respectively  on  a  circle  or 
ellipse}  the  latter  hes  both  poles  and  reran,  and  as 
s  oonssgusnos  has  s  superior  selectivity,  the  polos 
of  tbs  elliptic  filter  am  looatsd  as  am  thorn  of 
tbs  Chsbycbav,  but  the  saros  are  not  as  simply 
defined,  k  slight  digression  is  helpful... 

A  great  deal  of  insight  is  gained  in  designing 
s  filter  if  advantage  is  taken  of  the  duality  of  the 
phase  end  amplitude  characteristics  of  the  network 
and  the  agulpotsntisl  end  streamlines  of  the  elec¬ 
tric  field,  finis,  to  design  s  charge  configuration 
giving  a  specified  potential  function  is  to  design 
a  filter  with  a  specified  attenuation  function 
(figure  4).  In  the  cnee  of  the  elliptic  filter,  it 
is  convenient  to  first  locate  the  pine  mad  minus 
charges  of  the  potential,  or  tbs  poles  and  asms  of 
the  filter  in  s  unit  rectangle  (dee  figure  S),  where 
the  coordinates  am  staple  (e.g. ,  1/4,  2/4,  3/4, 
etc.  for  a  4-pole  design).  The  rectangle  is  them 
meppsd  book  be  the  conventional  a  plana  with  the 
elliptic  sine  function  (which  mpn  the  rectangle 
into  the  he If -plane)  and  m  e-plane  design  results. 
The  s  pline  function  n(s)/D(s)  heaomee  a  t  plana 
function  S(s)/»(s)  by  a  bilinear  transformation 
s*(s-l)/  (tel),  and  as  a  last  stay  the  filter  is 
realised  as  a  oatenetlon  of  canonic  ssooad  order 
two  pals  two  taco  networks  as  illustrated  in  figure 
C,  with  single  poise  or  taros  added  as  Beaded  (odd 
fiction) . 


fins  a  digital  filter  may  ha  dsHmai  fit  |U 
pels,  all  saro,  or  hath,  fin  «tfne  It  jertadio 
with  eymetry  Met  the  helf  esmpllng  rage,  Im  sere 
la  ihege  tehat  he  leasts  that  m  fmgmmtaB  am 
Iteaam  as  tha  man  tad  magmas  haaih. 
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Figure  4.  Potential  Function 


Figure  5.  Potential  Analogy 
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The  aoat  r Markable  faatura  of  a  digital  fil¬ 
ter  of  thia  deaign  la  lta  ability  to  completely 
change  in  characterlatlca  simply  by  inputting  a  new 
■at  of  coefflcienta.  An  example  of  how  thia  faatura 
dramatically  Improves  a  ayitea  can  be  aeon  in  the 
case  of  a  digital  autopilot  or  control  ayataai  foe  an 
alr/air  aiaaile,  illustrated  in  Figure  7.  Such  a 
system,  when  coupled  with  the  dynamic  reaponae  of 
the  airatreaa  during  flight,  forma  a  fourth  order 
ayatem  that  ia  characterised  by  a  aet  of  coeffl¬ 
cienta  that  vary  nonlinearly  with  Nacb  number 
(velocity)  and  attack  angle  (incidence  angle  to 
flight  path).  This  over-eimpllfled  model  will  not 
exhibit  atabllity  over  normal  trajeotoriea  without 
compenaatlon,  which  la  usually  added  in  the  fora  of 
shaping  filters  for  phase  advance  of  the  gyro  rate 
or  damping  of  body  resonance.  These  filters  must  be 
programed  to  change  continuously  with  M  and  a,  and 
that  is  accompli shed  by  saving  the  time  cons tents 
(or  poles  and  zeroa)  by  inserting  new  digital  coeffi¬ 
cients  and  gains. 


Radar  Filters 


The  three  principal  types  of  filters  used  in 
radar  are  the  MTI,  Doppler,  or  Pulse  Compression  fil¬ 
ter,  all  of  which  are  a  form  of  a  matched  filter. 

The  first  of  these  to  be  used  was  the  MTX,  or 
Moving  Target  Indication,  as  it  was  called.  To 
understand  this  concept,  we  first  consider  the 
nature  of  the  radar  signal. 

A  commonly  used  waveform  is  a  burst  or  a 
multi-pulse  waveform,  consisting  of  several  trans¬ 
mitted  pulses,  eadi  followed  by  a  listening 
interval.  Strictly  represented,  these  Intervals 
would  be  strung  end-to-end,  but  we  have  placed  them 
side-by-aide,  since  this  will  place  in  evidence  the 
sinusoidal  variation  in  a  single  range  cell  over  the 
aet  of  pulses  of  a  coherent  signal,  such  as  a  tar¬ 
get,  or  perhaps  some  moving  chaff  (See  Figure  8) . 
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Figure  8.  Radar  Signal 


The  configuration  known  as  an  MTI  (Figure  9) 
was  originated  from  pure  intuitive  considerations, 
based  on  the  obvious  observation  that  two  successive 
echoes  that  leaked  any  pulse  to  pulse  modul atian  due 
to  motion  oould  be  added  in  opposition  end  made  to 
cancel,  provided  they  were  suitably  aligned.  This 
alignment  was  at  first  provided  by  quarts  delay 
lines  of  one  HU  (Pulse  Repetition  Interval)  delay. 

It  was  but  a  matter  of  time  that  thia  concept 
was  recognised  as  a  filter,  and  a  digital  implementa¬ 
tion  using  memory  storage  to  provide  the  PHI  delay 
assumed  the  form  already  shown,  i.e. ,  the  catenation 
of  two-sero  networks.  Poles  are  seldom  added,  due 
to  an  undesirable  transient  response  of  a  recursive 
structure  (Figure  10). 

The  next  form  of  radar  filter  to  appear  was 
the  Doppler  filter  bank,  consisting  of  a  sequence  of 
contiguous  time  gates  (diode  bridges)  with  each  gate 
connected  to  a  bank  of  narrow  band  crystal  lattice 
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Figure  7.  Digital  Missile  Control 
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Figure  10.  Radar  Filter 


filter*,  aa  illustrated  ia  Figure  U.  Clear  If,  the 
■ignal  wiU  occupy  •  single  filter  an*  the  note* 
will  occupy  all  filters,  with  a  resulting  8/F 
ieproveaent  determined  by  this  retie. 

the  FFT  however  was  quickly  recognised  as  a 
digital  counterpart  ot  the  rang*  gated  bank  of  Dop¬ 
pler  filters,  fhs  Banner  in  which  the  *FT  prooesses 
the  signal  can  be  seen  from  the  illustration  (Figure 
12)  in  which  the  large  clutter  signal  slowly  shifts 
bo  its  position  in  the  spectrum,  with  the  higher  fre¬ 
quency  target  signal  finally  emerging .  Once  can 
readily  see  the  effect  of  non-observance  of  the 
quantitation  theorem  ...  the  statistics  of  the  out¬ 
put  signal  are  clearly  not  those  of  the  input. 

The  puls*  compression  filter  may  be  considered 
as  a  filtering  operation  applied  in  the  range  direc¬ 
tion  of  a  single  HU,  rather  than  operation  on  modu¬ 
lations  occurring  from  on*  ni  to  the  neat,  as  with 
the  MTI  or  Doppler  filter. 

The  form  of  the  pula*  compression  filter 
results  from  the  equivalence  illustrated  in  Figure 
13  ...  i.e.,  a  conventional  band  pass  filter  imple¬ 
mented  as  a  correlator.  If  the  time  of  arrival  of 
the  echo  from  the  target  is  exactly  known,  a  simple 
correlation  is  performed,  with  the  FFT  used  to  pro¬ 
vide  the  integration  of  the  output  of  the  cross  cor¬ 
relator.  If  the  time  of  the  echo  arrival  of  the 
pulse  echo  ia  not  known,  tao  remedies  may  be 
applied.  The  first  consists  of  vplylng  the  FFT  to 
both  Inputs  to  the  correlator,  resulting  in  signals 
identically  aligned  in  time  at  the  FFT  outputs. 

(The  tine  shift  becomes  a  phase  shift  of  the 
transformed  signal.) 

If  the  time  mlaaligisMOt  ...  1.*.,  uncertainty 
in  time  of  arrival  of  the  pula*  echo  ...  is  slight, 
a  second  method  la  used.  The  two  signals  (trans¬ 
mitted  puls*  and  echo)  are  simply  correlated,  with 


Figure  11.  Doppler  Filter  Desk 
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rigor*  13.  Doppler  filter  (TTT) 


tba  transmitted  signal  (Local  Oecillator)  «t 
over  the  entire  (min  window.  Th*  output  f 
correlation  is  first  bond  limited  and  than  od 
tly  Integrated  with  th*  m.  This  pcooaaa  la 
tinea  rafacrad  to  aa  "stretch  proosssing*,  an 
illaatratad  la  Figure  14. 
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Figure  16.  Scattering 


acocnplished  by  a  aeries  of  "obstacles*  that  both 
reflect  and  transmit  incident  radiation,  as  illus¬ 
trated  in  Figure  16.  This  analogy  ia  introduced  for 
two  reasons! 

a)  Two  "obstacles*,  properly  spaced 
in  wavelengths,  can  fora  a  reso¬ 
nant  structure  fay  virtue  of  Multi¬ 
ple  reflections  giving  rise  to 
repeated  tranm lesions,  thus 
allowing  a  "ringing"  or  extension 
of  a  transient  incident  signal. 

b)  The  reflection  coefficients  for 
the  "obstacles"  obey  a  Rlccatti 
equation,  which  arises  naturally 
frae  physical  considerations. 


This  structure  say  be  transplanted  directly 
into  the  world  of  filters,  with  the  "obstacles" 
replaced  by  sections  of  a  lattice  (Figure  17).  The 
lattice  sections  are  not  the  usual  second  order 
structure  as  in  a  crystal  filter,  for  exaaple,  but 
are  actually  first-order  sections. 

However,  what  one  should  observe  here  is  that 
the  separation  of  a  second-order  structure  into  two 
first  order  sections  will  give  rise  to  a  Riccati 
equation,  which  in  essence  takes  the  place  of  the 
second  order  ayste*  (Figure  18). 

Thus,  we  see  that  the  structure  described  has 
two  properties  ...  it  will  extend  a  transient  input 
by  a  pseudo-resonance  (Figure  19)  in  such  a  way  that 
the  Merging  signal  has  the  proper  correlation  ... 
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Figure  17.  tattles  Filter 


CONSIDER  LINEAR  OPERATOR  L 


WAVE 

PACKET 


l-'oWN  +  & 

WE  WISH  TO  FACTOR  INTO  FORM 

Ly  -  [£  +aiw]  [■&  +*2<x>]y 

MULTIPLY: 

Ly  =  i"  +(a1+a2)y'+(a2  +  a1a2)y 
P1  =  a1+a2  «2  +  a1a2  =  p0 


ELIMINATE  a1 

a  '2  =  a22  -  P^j  +  PQ  (RICCATI  EQUATION) 
NATURAL  RESULT  OF  CLOSURE  IF  WE  DEMAND 
Ly  =  [h  *  L2]y 

figure  18.  Riccati  Equation 

l.t,,  If  It  is  initially  first-order  Katkov,  it  will 
remain  so.  Secondly,  the  filter  structure  corre¬ 
sponds  to  an  iterated  lattice,  with  an  associated 
Riccati  equation  tagging  along.  Although  this 
first  order  nonlinear  equation  has  no  closed  form 
analytical  solution,  in  general  its  solution  by 
numerical  digital  means  is  rather  easy  (easier,  in 
fact  than  its  second  order  counterpart). 

Actually,  the  mm  filter  arose  not  from  scat¬ 
tering  theory,  but  from  an  effort  to  specify  a  fil¬ 
ter  that  would  maximise  the  entropy  (randomness)  of 
a  given  signal.  Such  a  filter  would  have  seros  prop¬ 
erly  located  to  attenuate  the  periodic  resonances  in 
the  correlated  signal.  The  solution  to  this  problem 
is  the  Yule-Walker  equations,  which  simply  state 
that  the  autocorrelation  of  the  filter  is  the  same 
as  the  correlation  function  of  the  signal  that  it 
whitens.  The  solution  leads  directly  to  the  lattice 
equations.  The  reflection  coefficients  are  the 
coded  speech,  or  the  coefficients  of  a  tapped- delay 
line  filter,  me  illustrated  in  Figure  20. 

The  ability  of  the  MM  filter  to  whiten  a  sig¬ 
nal  ...  l.e.,  remove  a  ’bump*  from  the  signal  spec¬ 
trum,  is  useful  in  adeptive  digital  beam-forming  in 
antenna  technology.  If  we  consider  a  plane  nonochro- 
matlc  wave  to  be  sampled  by  discrete  elements,  each 
equipped  with  an  A/D  converter,  it  oan  be  readily 
seen  that  to  properly  phase  shift  each  element  sig¬ 
nal  so  that  all  signals  add  in  phase  la  equivalent 
to  steering  a  bean  in  the  direction  of  the  arrival 
of  the  wave  (see  Figure  21).  Likewise,  phase 
shifting  each  wave  sample  to  add  anti-phase  will 
steer  an  antenna  pattern  null  in  the  direction  of 
arrival  of  the  wave.  This  latter  technique  has  been 
applied  fee  both  radar  and  aonar  (as  well  as  communi¬ 
cation)  systems  in  the  form  of  a  sidelofae  oanceler, 
which  is  a  technique  for  nulling  out  interfering  sig¬ 
nals  in  the  sldelobee  of  ah  antenna  while  allowing 
the  main  lobs  to  receive  with  full  gain. 

the  nulling  prooese,  accomplished  by  removing 
the  modulation  abroea  the  sampled  wave,  is  exaotly 
the  ifm  ’whitening*  operation  that  tha  adaptive  fil¬ 
ter  abcempllahee,  and  oan  be  married  out  In  waatly 


Figure  19.  Scattering 
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Figure  20.  Tapped  Delay  Line 

the  aame  way.  Thus,  all  of  tha  development!  of 
adaptive  filters  based  an  the  MM  principle  can  be 
directly  applied  to  adaptive  beamforming. 

Advanced  Topics 

Clearly  substantial  prograss  has  been  mada 
since  the  beginning  of  digital  flltaring,  which 
roughly  coincides  with  the  Introduction  of  semicon¬ 
ductor  msmory.  Furthsr  developments  are  being 
pursued.  Dynamic  Tima  Warping,  as  a  technique  to 
aid  speech  recognition,  has  usefulness  in  filtering 
that  Is  yet  to  be  developed.  The  technique  consists 
of  a  transformation  procedure  applied  to  the  filter 
coefficients  (or  enooded  speech)  that  perforate  and 
arbitrary  mapping  of  tha  coefficients  to  realise  a 
time  shift  or  local  compression  or  expansion  that 
will  affect  a  batter  fit  between  tha  data  (encoded) 
and  a  nodal,  aa  Illustrated  in  Figure  22.  The  nap¬ 
ping  la  dynamically  and  recursively  altered  to 
achieve  the  minimal  error  between  tha  reference  and 
the  data.  The  central  function  la  this  procedure  la 
a  look-up  table  which  can  ha  regarded  aa  both  a  time 
warping  and  weighting  that  provides  waphamto  or 
diminution  of  stationary  or  non-stationery  aagmnmtm. 

Further  developments  to  the -smalm  *1  f  Lower¬ 
ing,  which  may  ha  regarded  as  «hm  eanapnanimacm-  ■■  - 
spectral  analysis,  aaa  directed  at  aM teeing  mn» 
optimality  la  the.  prooeaelag.  ha  nnmMtm  it  inha  v*a; 
method  of  Flsarenho  for  finding  cdlutmmkhm^r^  ?  <  ■  <•  , 
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Abstract 

The  paper  outlines  the  state-of-the-art  design 
methods  for  analog  active  RC  filters  suitable  for 
microelectronic  hybrid  or  monolithic  Implementation. 
Only  practical  designs  are  presented  which  will  lead  to 
filters  that  have  been  proven  to  result  In  reliable 
performance.  Space  restrictions  do  not  permit  the 
Inclusion  of  detailed  design  procedures  and  equations, 
but  limits  on  operation  are  Identified  and  numerous 
references  are  given  that  enable  the  reader  to  arrive 
at  a  working  filter.^— 

Introduction 


Traditionally,  signal  filtering  has  been  accom¬ 
plished  by  making  use  of  resonance  effects  In  LC  series 
and  parallel  tank  circuits.  Wth  the  Increasing  empha¬ 
sis  on  miniaturization,  however.  Inductors  had  to  be 
eliminated  because  no  method  exists  for  Implementing 
high  quality  Inductive  elements  In  Integrated  form. 
Instead,  It  was  soon  found  that  gain  and  feedback  could 
be  used  to  achieve  resonance  effects  so  that  filtering 
functions  can  be  built  In  microelectronic  form.  Conse¬ 
quently,  so-called  active  RC  filters,  circuits  con¬ 
sisting  of  resistors,  capacitors  and  active  devices, 
usually  operational  amplifiers  (op-amps),  became  widely 
used  for  analog  signal  processing  needs  over  a  wide 
frequency  range.  Active  RC  filters  are  usually  Imple¬ 
mented  In  hybrid  thin  or  thick  film  technology  and  more 
recently  also  In  fully  Integrated  monolithic  form. 
Such  microelectronic  active  filters  are  useful  for 
operation  from  sub-audio  frequencies  until  the  radio 
frequency  range,  and  recent  work  Is  concerned  with 
extending  active  filter  operation  Into  the  range  of 
several  hundred  megahertz. 

The  limits  on  operating  frequencies  are  Imposed 
mostly  by  the  active  devices  used  In  filter  design.  At 
the  low  end,  element  values,  R  and  C,  for  setting  the 
required  time  constants  tend  to  become  unreasonably 
large  and  cause  fabrication  difficulties.  More  Impor¬ 
tantly,  the  amplifier  drifts  and  offset  voltages  give 
rise  to  signals  that  are  difficult  to  distinguish  from 
the  useful  signals  being  processed  by  the  filter.  The 
high-frequency  limit  Is  Imposed  by  parasltlcs  and  espe¬ 
cially  by  the  frequency  dependence  of  the  mapllflers' 
gain  (bandwidth)  and  by  slew-rate. 


It  Is  worth  mentioning  also  that  active  filters  are 
very  easily  trimmed  or  tuned  to  account  for  fabrication 
tolerances.  A  further  significant  advantage  is  that 
tuning  or  adjusting  can  be  effected  electronically, 
even  during  operation,  so  that  deviations  caused  by, 
e.g.,  extreme  environmental,  say  temperature,  aging,  or 
power  supply,  variations  can  be  eliminated  automati¬ 
cally.  Electronic  tuning  can  also  be  used  to  build 
adaptive  and  tracking  filters,  or  to  develop  systems 
where  the  same  circuit  (hardware)  by  means  of  analog  or 
digital  control  signals  can  be  reconfigured  (pro¬ 
gramed)  to  realize  different  filter  transfer  charac¬ 
teristics,  such  as,  e.g.,  a  bandpass  and  a  bandstop 
filter,  or  a  bandpass  with  different  selectivlties 
and  passband  frequencies.  In  addition,  apart  from 
technological  advances  It  Is  mainly  the  electronic 
tuning  property  that  makes  possible  the  Implementation 
of  analog  filters  In  monolithic  form  where  large  abso¬ 
lute  value  component  tolerances  and  drifts  mst  be 
accounted  for,  and  direct  element  trimming,  say  by  a 
laser.  Is  Impossible  or  expensive  and  should  preferably 
be  avoided.  , 

To  appreciate  the  popularity  of  active  RC  filters, 
one  only  needs  to  look  at  the  technical  literature. 
Apart  from  a  variety  of  excellent  textbooks1*3  there 
are  literally  thousands  of  papers  Introducing  new  or 
modified  filters,  or  discussing  their  performance.  A 
fairly  complete  list  of  references  Is  available  In  two 
volumes**5  that  at  the  same  time  give  an  indication  of 
the  state-of-the-art  In  active  filter  design.  Among 
the  hundreds  of  different  c. 'cults  and  design  methods 
proposed,  only  very  few  have  proven  to  be  useful  in 
practice.  The  criteria  that  usually  decide  between 
acceptance  or  rejection  of  a  new  filter  structure  are 
sensitivity  measures1  *z  that  Indicate  how  much  a  per¬ 
formance  parameter  P,  say  gain  or  selectivity,  changes 
when  a  circuit  component  k  varies,  e.g.. 


P  d  tn  P 
'k  "  <TTn 


Clearly,  sensitivities  should  be  as  small  as  possible 
If  a  filter  Is  to  behave  well  In  practice,  when  com¬ 
ponents  vary  due  to  fabrication  tolerances  or  environ¬ 
mental  effects  such  as  temperature  changes,  aging, 
radiation,  humidity,  etc.3 


Based  on  early  work,  active  RC  filters  are  Incor¬ 
rectly  understood  as  being  very  sensitive  to  fabrica¬ 
tion  tolerances  and  component  variations.  Intensive 
research  In  the  last  few  years,  however,  has  resulted 
In  design  techniques  that  yield  filters  whose  sen¬ 
sitivities  are  very  low  (at  their  theoretical  minimum) 
so  that  reliable  high-quality,  low  cost  circuits  can  be 
produced  that  realize  the  required  transmission  charac¬ 
teristics.  It  should  be  noted  that  In  contrast  to  LC 
filters  there  are  virtually  no  restrictions  that  the 
Input-output  transfer  functions  have  to  obey  In  order 
to  be  realizable  by  active  filters.  Thus,  In  addition 
to  the  usual  lowpass,  hlghpass,  bandpass,  and  band- 
rejection  filters,  one  can  realize  delay  networks, 
gain  and  phase  equalization  or  correction  circuits, 
all-pass  networks  (with  or  without  gain),  and  pulse 
shaping  circuits,  to  name  a  few. 


For  virtually  all  applications,  the  most  critical 
component  Is  the  active  device,  usually  an  operational 
amplifier.  Unless  the  op-amp  gain  with  Its  frequency- 
dependence  Is  modeted  accurately  as 


where  w»  <*  the  gain-bandwidth  product,  sdien  developing 
a  filter  circuit  the  designer  has  no  hope  of  achieving 
a  satisfactory  performance  oven  at  operating  frequen¬ 
cies  In  the  low  audio  range. 

The  circuits  and  design  procedures  discussed  In  the 
following  have  been  proven  in  practice  to  result  In 
reliable,  working  filters.  Wthln  the  space  of  this 
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paper,  these  circuits  Mill  be  Identified  and  some  per¬ 
formance  characteristics  Mill  be  highlighted.  For 
detailed  design  procedures  and  equations  the  reader  Is 
referred  to  the  literature. 


First  and  Second  Order  Filters 
Voltage  transfer  functions  *  T<*)  of  th* 


Ti(,)  "Ftt 


can  be  realized  In  practice  by  passive  RC  networks  and 
so  need  not  concern  us  here.  Second-order  functions  of 
the  form 

2 

a,s  ♦  a.s  ♦  a^ 

T(s).-§ - 1 - 9_  (3) 

2  *  ♦  s  M./O  +  W  2 

o  o 

Mlth  pole  frequency  and  quality  factor  u0  and.  0.  re¬ 
spectively.  are  realized  most  conveniently2*6*'  by  a 
single  amplifier  bfquad  (SAB),  shown  In  Fig.  1  for  the 
bandpass  case  (l.e.,  aj  ■  a0  ■  0). 
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Fig.  2.  Composite  amplifier 
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32.1 

560 
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Fig.  1.  SAB  bandpass 

Detailed  design  guidelines  and  equations  are  available 
In  the  literature2*6*7*8.  The  circuit  uses  only  a 
single  amplifier  (no  unnecessary  power  consumption!) 
and.  If  designed  correctly,  behaves  as  good  as  or 
better  than  all  other  single-amplifier  and  most 
multi amplifier  filters.  Implemented  In  hybrid 
technology6*8,  with  an  op-amp  chip  and  chip  capacitors 
bonded  to  a  resistive  thin  film  network  on  a  ceramic 
substrate,  the  filter  Is  realized  In  large  numbers  In 
microelectronic  form  and  has  proven  very  reliable  in 
Its  performance  In  the  field. 

To  obtain  lower  sensitivities,  especially  to  the 
active  device  parameters  that  usually  are  very  Inac¬ 
curate  and  vary  widely  under  practical  operating  con¬ 
ditions,  numerous  multi amplifier  filters  have  been  pro¬ 
posed  In  the  literature1*2*4*6,  notably  .  the  general 
Impedance  converter  (SIC)  circuit2*5*’*10.  The 
simplest  and  at  the  tame  time  best  one  appears  to  be 
the  recently,  suggested  composite  tingle  amplifier 

hiouad  (CAR1TZ.  4n  which  tha  k  1*  tha  CU  of 


blqwed  (CAB)12,  In  which  the  op-amp  A  In  the  SAB  of 
Fig.  1  Is  simply  replaced  by  the  composite  amplifier  of 
Fig.  2.  A  comparison12  of  the  experimental  performance 
of  a  bandpass  design  based  on  an  SAB,  SIC  and  CAB  cir¬ 
cuit  Is  shown  In  wble  1  for  an  ■  MOB  measured  change 
In  gein-bandwidth  product  «t  (see  eq.  (1))  of  the  op- 


Table  1 

Note  especially  the  uncomfortably  large  f0-errors  In 
both  the  SAB  and  the  GIC  filters,  whereas  the  CAB 
proves  to  be  very  Insensitive  Indeed. 

If  parameter  errors  In  active  filters  become  too 
large,  they  can  be  corrected  by  use  of  predistortion; 
It  Is  noted  though  that  predistortion  can  account  only 
for  errors  caused  by  known  nominal  element  deviations. 
If  elements  vary  further,  e.g.  due  to  environmental 
effects,  predistortion  Is  of  no  help.  As  an  example, 
the  SAB  bandpass  In  Table  1  was  to  have  a  center  fre¬ 
quency  of  8414  Hz;  If  op  amps  with  ff>lMiz  are 
available,  measurements  show  that  a  frequency  error 
kf* -400  Hz  must  be  expected,  l.e.  a  -4.75*  error. 
Predlstortion  means  that  the  filter  should  be  designed 
with  fo«8800  Hz  so  that  the  Implementation  with  f»»lNHz 
op  amps  gives  a  bandpass  with  f> 8400  Hz  as  designed. 
However,  further  deviations  In  (e.g.  to  560  kHz  in 
Table  1)  will  not  be  accounted  for. 

High-Order  Filters5 

If  the  requirements  of  spectrum  shaping  are  more 
stringent,  such  as  flatter  passband  gain,  large  stop- 
band  attenuation,  or  steeper  cut-off,  higher  order 
filters  mutt  be  used.  They  are  realized  by  one  of 
three  methods1*2:  (a)  cascading  low  (first  or 

second) -order  sections;  (b)  embedding  low-order  sec¬ 
tions  Into  a  resistive  feedback  network;  and,  (c)  slmu- 
latlng.  If  It  exists,  a  passive  LC  filter. 

Cascade  Structures1*2 

The  classical  approach  to  realizing  a  high-order 
transfer  function  H(s)  consists  of  factoring  H(s)  Into 


H(t)  •  f  Ti(s) 
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1 diere  Tf (»)  are  low -order  functions  as  In  (2)  and  (3), 
realizing  each  T<(s)  as  described  In  the  previous  sec¬ 
tion,  and  finally  connecting  all  the  low-order  filters 
In  cascade  (Fig.  3).  The  resulting  structures  have 


Fig.  3.  Cascade  topology 

the  advantage  of  being  nodular,  easy  to  design  and  easy 
to  tune  because  each  transmission  zero  and  natural  fre¬ 
quency  of  the  total  circuit  Is  realized  In  one  section 
Tj  without  any  Interaction  from  the  other  sections. 
Cascade  designs  are  used  In  practice  In  large 
numbers5* with  adequate  performance  for  filters  of 
order  up  to  about  10,  and  with  sensitivities  as  good  as 
those  of  the  constituent  low-order  sections. 

Hultlple  Feedback  Topologies5**5 

Lower  sensitivities  can  be  obtained  by  enforcing 
some  Interaction  (coupling)  between  the  low-order  sec¬ 
tions  in  the  cascade.  One  way  to  achieve  this  Interac¬ 
tion  is  to  an bed  the  sections  Into  resistive  feedback 
structures,  among  which  one  of  the  more  successful 
ones  Is  the  'follow-the- leader  feedback'  (FLF)  top¬ 
ology15  shown  In  Fig.  4.  The  circuit  realizes  the 
transfer  function  of  the  form 


N 

-U  T^s) 

H(s)  - - jj—5 - j -  (5) 

i  +  F  Fn  n  M*) 

1-2  j-1 

where  K  •  R/R^n  and  the  feedback  factors  F^  •  R/RF1. 
The  Interaction  caused  by  feedback  Is  apparent  from 
(5);  clearly,  for  Fjj  •  0  eq.  (5)  reduces  to  the 
cascade  expression  (4).  Multiple  feedback  topologies 


Fig.  4,  The  FLF  topology. 


have  been  shown15  to  exhibit  In  the  passband  much 
Improved  sensitivities  when  compared  with  cascade 
designs;  In  the  transition  bands  and  stopbands,  the 
sensitivities  of  all  filters  are  about  equal  In 
magnitude;  see  Fig.  5  for  some  comparative  data. 

The  price  paid  for  the  sensitivity  advantage  Is  a 
more  difficult  design  than  for  cascade  filters,  much 
more  complicated  tuning,  need  for  optimization,  and  a 
worse  high-frequency  behavior  than  cascade  filters  due 
to  unpredictable  ptutse  shifts,  caused  by  parasites.  In 
the  feedback  loops  1S. 

Ladder  Simulations2*5 

Observe  from  Fig.  5  that  passive  LC  ladders  have 
the  lowest  deviations  due  to  component  tolerances. 
Thus,  further  Improvements  In  sensitivity  can  be 
obtained  by  actively  simulating  passive  LC  ladder 
filters.  This  method  yields  the  to-date  best  per¬ 
forming  high- order  filters,  Again,  various  approaches 
do  mclst:  one  can  Implement  tne  flow  graph  of  the  LC 
prototype,  using  active  Integrators  and  summers5*17,  or 
one  can  simulate  Inductors5*18  by  use  of  gyrators, 


Fig.  S.  Sensitivity  comparison  for  a 

sixth-order  Butterworth  bandpass 
filter  In  different  realizations. 

e.g.  Fig.  5;  both  methods  result  in  hicdi-quallty 
filters  that  can  be  Implemented  In  hybrid5*19  or  even 
in  completely  Integrated5*’0  form. 


Active  Filters  at  High  Frequencies 

As  mentioned  earlier,  one  of  the  more  serious  limi¬ 
tations  of  active  filters  Is  the  often  small  useful 
frequency  range.  It  Is  always  set  by  the  capabilities 
of  the  active  devices  who  Impose  their  own  frequency 
dependence  on  the  filter's  characteristics,  tn  order 
to  alleviate  this  problem  It  has  been  proposed  to 
incorporate  the  frequency  dependence  of  the  active 
devices  dfrectly  into  the  design.  Thus,  by  considering 
op  maps  with  their  1/s  frequency  response  (see  eq.  (l) ) 
as  Integrators,  two  amplifiers  In  a  purely  resistive 
feedback  network  yield  a  second-order  section  realizing 
a  transfer  function  of  the  form  (4).  Figure  7  shows  «n 
example.  These  so-called  active  R  filters5*21*23  can 
be  designed  predictably  and  operated  at  frequencies  up 
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to  two  orders  of  Magnitude  higher  than  normally 

HmIqmH  ictfvA  RT  Th«  i*  that  fh« 


designed  active  RC  filters**.  The  drawback  is  that  the 
filters'  frequency  parameters  become  dependent  on 
anpllfler  characteristics  that  are  not  wall  determined 
and  vary  with  power  supply  and  temperature22. 
Consequently,  the  filters  seed, to  be  combined  with  some 

kind  of  salftunlno  fa* turn 22 , 24  tlirt,  ■«  nluu.1nrli>a2' 


Consequently,  the  filters  need  to  be  combined  with  som 
kind  of  selftunlM  feature22*2*,  such  as  phase- locked2' 
or  vector-1  ocked25* 26  loops  (Fig.  8)  so  that  para 
meter  values  are  maintained  under  varying  operating 


|  To  Slav* 

I  fUtin 


IS 


Fig.  9.  General  SC  filter  topology. 

capacitors,  amplifiers  and  clock  generators  can  be 
Integrated,  and  both  clocks  and  component  ratios  can  be 
realized  accurately  in  IC  form  so  that  reliable  mono¬ 
lithic  analog  filters  are  obtained  that  require  no  post 
fabrication  tuning.  Daslgn  details  for  these  very  use¬ 
ful  and  practical  filters  are  available  In  the 
literature**5*2’,  with  current  technology,  the  upper 
frequency  limits  are  approximately  200  kite;  the  limits 
are  given  by  aapllfler  bandwidth,  settling  time  and 
finite  Oh-resl stance  of  the  NOS  switches  that  prohibit 
Instantaneous  charge  transfer. 

In  addition  to  the  analog  sampled  data  SC  approach, 
several  authors  have  proposed  realizations  of  "regular* 


Fig.  8.  Two  parameter  vector  locked  loop 

conditions.  Using  such  design  methods,  active  filters 
can  be  obtained  that  operate  at  frequencies  up  to  the 
gain-bandwidth  product  of  the  active  devices  used  and 
maintain  their  design  values  automatically  to  within  a 
small  fraction  of  one  percent2*. 

Integrated  Filters5 

In  an  attempt  to  Implement  analog  filtering  func¬ 
tions  together  with  all  remaining  signal  processing 
circuitry  on  an  Integrated  circuit  chip,  several 
approaches  have  been  followed  that  lead  to  monolithic 
analog  filters. 

The  most  successful  method  Is  that  of  switched 
capacitor  (SC)  filters1*5*27.  SC  circuits  are  sampled 
data  filters  where  resistors  are  simulated  via  charge 
flow  on  switched  capacitors  so  that  all  filter  parame¬ 
ters  are  determined  by  ratios  of  capacitors  and  a  clock 
frequency  (Fig.  9).  Switches  (NOS  transistors). 


active  RC  filters  la  monolithic  form5*20*25*28*32.  The 
approaches  fellow  the  entire  spectrum  of  active  £ 
filter  design,  l.e.,  second- order  sections25*51 
cascade  filters25,  and  ladder  simulations20*28"31. 
Most  successful  results  to  date  have  bean  obtained  In 
the  low  audio  range  where  the  highest  volume  applica¬ 
tions  exist,  but  some  attempt  are  being  made  to 
achieve  analog  filters  at  video20*52  and  higher  fre¬ 
quencies  (>10  MHz)25.  The  main  problem  confronting  all 
monolithic  active  RC  filter  designers  Is  that  of  inac¬ 
curate  element  values  obtained  in  fabrication  and  that 
of  component  drift  during  operation.  Since  tuning  of 
an  IC  circuit  1$  Impossible  or  at  least  expensive,  some 
automatic,  electronic  tuning  Is  employed  by  all  mono¬ 
lithic  filter  designs.  The  methods  usually  Involve 
embedding  the  filter  Into  a  control  loop (phase- locked 
or  vector-locked  loop  (Fig.  8))  which  compares  filter 
performance  to  an  external  standard,  a  reference  fre¬ 
quency  or  clock.  Some  of  these  circuits  are  "master- 
slave"  systems  where  the  filter  follows  the  reference 
signal,  thereby  Implementing  tracking  filters.  All  the 
monolithic  filters  reported  to  date  are  special  purpose 
designs,  although  a  few  of  the  approaches  may  emerge  as 
general  design  techniques25*30*31. 

Conclusions 

In  this  paper,  a  summary  of  the  state-of-the-art  and 
current  research  trends  In  active  filter  design  has 
been  presented.  The  possibilities  and  major  limita¬ 
tions  of  the  filters  have  been  pointed  out,  as  well  as 
the  most  successful  methods  of  implementing  analog 
active  filters  In  practice.  References  have  been  given 
to  allow  the  interested  reader  to  familiarize  himself 
In  greater  depth  with  specific  design  approaches 
suitable  for  his  applications. 
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Abstract 


Is  paper  describes  the  design  Methods  and  the 
experimental  results  of  the  tiling  tank  aechanlcal 
filter.  The  composite  longitudinal  a ode  transducer 
was  aade  into  a  sandwich  structure  by  affixing  a 
constant  aodules  alloy  plate  to  each  electrode 
surface  of  the  piezoelectric  ceranlc  plate.  The 
equivalent  electrical  circuit  constants  and  the 
suppression  of  spurious  responses  due  to  the  third 
order  longitudinal  node  of  the  transducer  were 
analyzed. 

The  dimensions  of  the  experlaental  filter  were  20L 
x  12W  x  5H  an,  the  sene  size  as  a  14-pln  dip  IC.  The 
'center  frequency  of  the  filter  is  200  kHz  and  it  has 
low  insertion  loss  of  0.5  to  0.7  dB  and  a  bandwidth 
of  2.1  to  2.4  kHz  3  dB.  The  I/O  phase  difference  at 
the  center  frequency  was  about  40  degrees.  The 
inclination  of  the  phase  was  as  snail  as  0.07  to  0.08 
deg/Hz  and  the  phase  linearity  was  excellent.  The 
attenuation  band  has  30  dB  or  wore  attenuation  over 
the  wide  range  rron  0  to  1 .5  MHz  to  lsprgVe  the 
signal  to  noise  ratio  of  the  equlpnent  — 

The  filter  Input/output  inpedance  was  between  8.5 
kft  and  8.9  kfl  and  the  inpedance  Matching  with  C  MOS 
circuits  was  satisfactory. 

The  temperature  characteristics  showed  0.6  dB 
insertion  loss  variation  and  11  degree  phase 
variation  between  5  and  60°C. 


Introduction 


Along  with  the  development  of  communications  LSI,  the 
digital  network  is  rapidly  expanding.  To  neet  this 
expansion,  we  have  bean  investigating  application  of 
digital  transmission  technology  to  subscriber  loops 
because  they  are  relatively  unused. 

In  digital  subscriber  transmission ,  non-telephone 
services  such  as  data  and  facalnlle  are  carried  out 
sinultaneously  with  telephone  aervloes. 

Consequently,  a  subscriber  house  requires  equipment 
having  functions  such  aa  speed  conversion  and  code 
conversion. 

The  tlalng  tank  neohanloal  filter  is  used  in  the 
equipment  and  la  an  Inport  ant  element  in  regenerating 
the  waveforn  of  burst-node  signals  that  are 
transmitted  and  received.  For  this  need,  LC  filters 
were  first  investigated.  Because  of  LC  filter 
problems  such  as  not  Matching  LSI  components  in  ahape 
and  size,  stability,  and  frequency  adjuetnant, 
electro  neohanloal  filters  which  can  handle  the  above 
problems  were  next  Investigated.  As  a  result  a 
aa  all-size  high-performance  filter  using  a  ooaposite 
longitudinal  node  transducer  and  fully  satisfying 
severe  requirements  was  completed. 

In  the  first  part  of  this  paper,  the  construction 
of  the  new  composite  longitudinal  mode  transducer  la 
presented.  The  seoond  pert  oontalns  an  analysis  and 
experimental  results  of  the  transducer.  The  third 
part  reports  on  design  methods  and  experlaantal 
results  of  the  mechanical  filter. 


Requirements 

To  satisfy  the  equipment  specifications,  the 
performance  required  for  the  neohanloal  filter  Is  as 
follows: 

(a)  Center  frequency:  200  kHz 

(b)  Relative  bandwidth:  19  or  more 
(o)  Insertion  loss:  3  dB  or  less 

(d)  Attenuation:  30  dB  or  sore 

(0  to  180  kHz,  220  kHz  to  1.5  MHz) 

(e)  Input/output  Inpedance:  5  kfl  or  sore 

(f)  Phase  stability:  +20  dag  or  less 

(g)  Volume:  1.2  cm3  gir  less 

To  satisfy  all  the  above  severe  requirements  as  to 
characteristics  and  small- size,  we  investigated  the 
high-performance  transducer  and  the  structure  of  the 
filter. 


Composite  longitudinal  mode  traced user 
Structure 

To  satisfy  requirements  (b)  and  (e),  a  reciprocal 
performance  of  low  capacitance  ratio  and  high 
inductance  is  needed.  Moreover,  a  transducer 
structure  which  has  few  spurious  node  responses  Is 
expected  to  satisfy  Requirement  (d) .  To  further 
satisfy  (g),  the  transducer  must  be  anall. 
Therefore,  as  a  result  of  investigating  various 
transducers,  we  devised  the  ooaposite  longitudinal 
node  transducer  shown  In  Fig.  1.  This  transducer 
has  a  structure  by  arflxlng  a  constant  nodules 
alloy  plate  to  each  electrode  surface  of  a 
plezoeleotric  ceranlc  plate  which  has  a 
rectangular  cross  section,  Making  a  sandwich 
structure,  and  the  first  node  resonance  is  used. 

It  has  following  features. 

(a)  When  the  neohanloal  filter  la  constructed, 
it  is  easy  to  weld  the  roupler  or  the 
supporting  wire  on  the  netal  plate  of  the 
transducer  whloh  is  neohanleally  strong  and 
is  appropriate  for  mass  production. 

(b)  It  is  possible  to  compensate  the  temperature 
characteristics  of  the  piezoelectric 
oeramloa  by  the  constant  modules  alloy. 

Results  of  analysis 

designing  neohanloal  filters,  It  Is  useful  to 
analyse  the  equivalent  eleetrioal  circuit 
constants  of  composite  transducers.  For  analysis, 
it  is  essential  to  determine  third  mode  response 
suppression  conditions,  third  mode,  and  fifth  mods 
nodal  points.  The  structure  of  the  transducer 
oauses  only  its  odd-order  resonant  aedea  to  be 
excited.  Therefore,  the  half  section  of  the 
transducer  in  Fig.  1  (b)  aust  he  considered  la  the 
analysis.  For  theoretloal  development  using 
nathcnatlos,  refer  to  the  Appendix. 
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(a)  Resonance  frequency 

Figures  2  to  4  show  tha  rasults  of 
calculating  tha  resonance  frequencies,  which 
correspond  to  tha  frequency  values  at  tha 
first ,  third,  and  fifth  resonant  modes, 
respectively .  Tha  values ,  however,  are  ones 
that  are  Done  all  zed  by  the  first  resonant 
mode  value  of  a  single  substance  of 
piezoelectric  ceramics. 

Step  ratios  t2/i;  and  tg/tp  have  a 
considerably  large  effect  on  these  values;  a 
greater  effect  is  seen  at  the  high- order 
resonant  nodes.  The  above  results  are 
useful  for  the  design  of  transducers  and  the 
eat  last ion  of  spurious  frequencies. 

(b)  Equivalent  inductance  and  oapaoitance  ratio 
Figure  5  is  the  result  of  analysis  with 
respect  to  equivalent  Inductance.  The 
resulting  values  do  not  differ  greatly  from 
those  for  a  single  piezoelectric  ceramic 
plate  near  a  practical  diaenalon  ratio, 
t2/*.1,  of  0.4. 

Figure  6  is  the  result  of  analysis  in 
respect  to  capacitance  ratio  r;.  Step 
ratio  ta/tp  has  a  comparatively  large 
effect  on  the  capacitance  ratio,  r; ,  of  the 
first  resonant  mode,  and  it  la  assured  that 
r-|  Increases  in  proportion  to  the  step 
ratio. 

Figure  7  is  the  relationship  between  step 
ratios  12/4i  and  tg/tp  when  a 
capacitance  ratio  of  rj  s  »  is  assumed  for 
the  third  resonant  mode,  that  Is,  when  the 
third  resonant  mode  is  suppressed.  This 
relationship  is  useful  as  one  of  the 
transducer  design  conditions. 

Figure  8  shows  the  nodal  points  for  the 
third  and  fifth  resonant  modes  determined 
under  the  third  resonant  node  suppression 
condition.  The  locations  of  the  nodal 
points  also  vary  considerably  with  step 
ratio  tg/tp.  This  result  is  useful,  for 
exMple,  for  determining  the  location  of  a 
coupler  to  be  fixed  to  the  fifth  resonant 
node  nodal  points. 

Figures  9  and  10  show  the  equivalent  mass 
and  force  factor  A  calculated  for  a 
transducer. 

Experimental  results 

The  results  of  measurements  or  the  experimental 
trmiaduoer  is  described  below.  Table  1  shows  the 
dimensions  of  the  experimental  transducer.  The 
transducer  is  so  thin  and  narrow  that  the 
wldth-extensional  mode  and  thlokness  node  resonant 
frequencies  can  both  be  1.5  MHz  or  more. 

Figure  11  shows  the  results  of  measurements  of 
an  experimental  transducer.  The  third  resonant 
node  response  la  not  completely  suppressed  but  is 
low  enough  in  comparison  with  the  main  resonance. 
The  wldth-extensional  mode  and  thlokness  mode 
resonance  frequencies  are  both  sufficiently  high 
as  shown  in  the  sane  figure  (Pig.  11). 

Figure  12  shows  an  equivalent  olroult  of  the 
experimental  transducer  at  the  main  resonant 
node.  Table  2  shows  the  values  of  the  equivalent 
circuit  constants  measured  for  the  experimental 
transducer .  Table  3  compares  the  results  of 
analysis  and  measurement.  Both  results  correspond 
well. 


Mechanical  filter  design 

To  meet  the  requirement  for  size  reduction,  no 
electrical  parts  such  as  coils  and  oapmaitorm  can  be 
used  in  the  meohanloal  filter.  The  noohanloal  filter 
was  therefore  composed  only  of  two  transducers,  one 
ooupler,  and  supporting  wire.  Figure  13  shows  the 
structure  of  the  meohanloal  filter.  This  mechanical 
filter  has  two  composite  longitudinal  mode 
transducers  coupled  in  parallel  by  a  flexure  mode 
coupler.  An  equivalent  clroult  of  the  meohanloal 
filter  is  shown  in  Fig.  11  (a)  and  (b),  where  S„  is 
the  stiffness  of  the  ooupler  determined  in  terms  of 
si id ^ si ids- and  thin  bar  stiffness  values  since  the 
coupler  is  welded  to  the  longitudinal 
transducers.  Transformation  ratio  n^  is 
determined  as  the  ratio  of  the  normalised  function 
value  at  the  coupling  point  to  that  at  the  tip  of  a 
transducer  and  can  be  obtained  from  equations  (6)  and 
(7)  in  the  Appendix.  Equivalent  mass  n;  (first 
resonant  mode)  and  force  factor  A  can  be  calculated 
from  equations  (15)  and  (16),  respectively.  Thus, 
the  filter  design  oan  be  accomplished  according  to 
(b)  of  Fig.  11. 

Table  4  shows  the  design  procedure.  An  effective 
parameter  theory  of  narrow  band  approximation  with  a 
rudder  olrouit  was  used  in  designing  the  filter.5 
Butterworth  filter  was  employed  as  the  normalised 
lowpass  filter.5  Note,  however,  that  the  design  of 
a  double-transducer  filter  with  the  im^e  parameter 
theory  is  almost  the  same  in  phase  characteristics  as 
that  with  the  effective  parameter  theory  described 
above. ?  (a)  shows  a  normalized  lowpass  filter  with 

the  Butterworth  characteristics,  where  Rs  =  1.0  and 
Si  s  S2  *  1.414213.  This  filter  is  transformed 
to  a  band  pass  filter  as  shown  In  (b).  To  realize  a 
circuit  or  (b)  In  the  form  of  a  piezoelectric 
transducer,  gyrator  transformation  is  employed  as 
shown  in  (c). 

Next,  to  transform  it  to  a  mechanical  filter, 
narrow  band  approximation  Is  done  in  the  vicinity  of 
the  center  frequency  for  clroult  transformation  as 
shown  in  (d)  and  (e).  Since  Cc  and  r  are 
determined  by  the  transducer  used,  R'  and  the 
regulated  frequency  fy*  of  the  transducer  can  be 
obtained.  In  this  clroult  transformation,  however, 
two  X  values  were  obtained  as  shown  in  Table  4,  so  a 
smaller  value  was  employed  to  realise  a 
high- impedance  design  with  high  terminal  resistance 
R'  to  meet  the  input  impedance  requirements.  The 
stirfness  of  the  ooupler  is  determined  so  that  the 
S^,  value  in  Fig.  14  can  agree  with  that  in  Table  4. 

If  the  two  transducers  are  shaped  differently,  Norton 
transformation  is  also  used  in  the  filter  design 
after  the  circuit  transformation  of  (e). 


Experimental  results 

In  the  first  experimental  filter  design,  a  ooupler 
was  fixed  at  the  fifth  resonant  mode  nodal  points 
(X0/(1^  ♦  12)  ■  0.450)  shown  in  Pig.  8  with  the 
method  shown  in  Fig.  13.  With  respect  to 
transducers,  the  one  as  shown  in  Table  1  was  used  for 
the  transducer  on  the  side  of  filter  output,  but  the 
width  b  *  0.8  an  was  adopted  for  the  transducer  on 
the  side  of  the  filter  input  to  prevent  overlapping 
of  spurious  responses  of  the  transducers  in  the 
wldth-extensional  resonant  mode. 

Figure  15  shows  the  external  appearance  of  the 
experimental  mechanical  filter.  Its  dimensions  are 
as  small  as  20L  x  12W  x  5H  mm  (1.2  cm3).  It  is 
similar  in  shape  to  a  14-pin  Dip  IC. 

Figures  16  and  17  show  the  attenuation  and  phase 
characteristics  in  the  vicinity  of  the  pass  band. 

The  o enter  frequency  of  the  filter  is  >00  MBs,  the 


3  dB  bandwidth  la  2. A  kHx,  tha  phaaa  dlffaranoa  at 
tba  can  tar  frequency  la  *0  degrees ,  and  tha  phaaa 
lnollnation  la  0.07  dag/Hs.  Tha  input  and  output 
lapadanoaa  ara  8.5  kfi  and  8.9  kQ,  respectively. 

Figure  16  ahowa  tha  attaauation  oharaotarlatloa  in  a 
frequency  ranga  fron  0  to  1.5  NHa.  Bn  attanuatlon  of 
30  dB  or  no ra  la  obtalnad  in  thla  aid a  fraquanoy 
ranga.  Although  tha  third  rasonant  raaponaa  la 
relatively  high,  tba  fifth  raaonant  raaponaa  oan  ba 
fully  auppraaaad  because  of  affixing  a  oouplar  at  tha 
fifth  raaonant  a  ode  nodal  point  a.  Thua,  tba  values 
of  tha  above  oharaotarlatloa  ara  aaaured  to  fully 
satlafy  tha  requirements . 

In  tha  next  filter  design,  a  coupler  was  fixed  in 
tha  alddle  (X0/<1  -|  ♦  12>  «  0.583)  of  tha  third 
and  fifth  rasonant  nodes.  This  design  was  Intended 
to  compensate  for  tha  attanuatlon  at  tha  third 
rasonant  raaponaa,  whloh  causes  a  high  spurious 
response  at  the  sacrifice  of  suppressing  tha  fifth 
resonant  response.  This  naohanloal  filter  was 
designed  by  using  the  Image  parameter  theory.  The 
two  tranaduoers  employed  on  the  Input  and  output 
sides  of  the  filter  have  the  same  dimensions. 

Figures  19  to  21  show  the  characteristics  of  the 
experimental  filter.  In  this  design,  the  phase 
inclination  Is  0.062  dag/Hx  according  to  Fig.  20. 

Figure  22  shows  tha  temperature  characteristics  of 
the  experimental  filter  given  in  Fig.  15.  In  the 
temperature  ranga  from  5  to  60°C  (reference 
temperature:  25°C),  the  characteristics  are  good, 
showing  an  insertion  loss  variation  of  0.6  dB  and  a 
phase  variation  of  11  degrees. 


Conclusion 


Suggestions  were  made  for  realisation  of  a  200  kHz 
tlmlr«  tank  filter  by  use  of  composite  transducers. 
The  results  of  analysis  for  the  filter  were 
described.  Based  on  the  design  and  results  of 
analysis,  several  filters  were  constructed  and 
examined.  Experiments  showed  that  composite 
longitudinal  node  transducers  allowed  a  coupler  and 
supporting  wire  to  be  easily  welded  to  its  metal 
surface  and  improved  the  temperature 
characteristics.  Moreover,  the  mechanical  filter 
construction,  consisting  of  two  transducers,  fully 
satisfied  the  strict  requirements,  Including  the 
requirement  for  voltae. 

The  features  of  the  mechanical  filter  and  their 
effects  on  the  performance  of  the  equipment  are  as 
follows: 

(a)  Since  it  is  small  and  needs  no  electric 
components  (inductor,  oapacltor),  the 
maohanloal'  filter  oan  match  the  other 
components  (LSIs)  in  size  and  shape. 

(b)  Since  it  has  wide  bandwidth  and  high  Impedance 
characteristics,  the  mechanical  filter  permits 
a  short  rise  and  fall  time  for  the  output 
waveform  and  allows  impedance  matching  with 
high  Input /output  Impedance  C  M0S  olrouita. 

(c)  Since  It  permlte  high  attenuation  (30  dB  or 
more)  over  a  wide  frequency  range  (0  to  1.5 
HRs),  the  meohanloal  filter  improves  the  signal 
to  noise  ratio  of  the  equipment. 

(d)  Beosuse  of  its  good  temperature 
characteristics,  the  meohanloal  filter  permits 
stable  output  wave fora  with  a  few  phase 
variations. 
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Appendix 

(a)  Resonanoe  frequency  and  resonant  mode 

The  resonanoe  frequency  conditions  are  first 
determined.  Let  the  ui  and  u2  displacements 
in  the  x  direction  at  parts  I  and  II  shown  In 
(b)  of  Fig.  1  be  represented  by  the  following 
equations: 

и,  *  X  sin(oox/v, ) 

1  —  1  —  (1 
u2  •  B  oos(wx/v2)  4-  C  sln(wx/v2) 

where  vj  and  v2  are  the  velocities  or  sound 
at  parts  I  and  II  respectively.  Assuming  that 
the  densities  of  piezoelectric  oeramlca  and 
constant  modules  alloy  are-Pp  and  Pm  and  their 
elasticity  constants  are  O; 1  and  cH,  let  the  v^ 
and  v2  values  be  expressed  by  the  following 
equations:  _ 

*1  *  k1 »  *2  *  ^°i/pp 

к,  ^(c.Vc^tp'4  l)/(PBtB/Pptp  ♦  l) 

The  oonneotion  conditions  for  parts  I  and  II 
are  as  follows: 


U1  =  u2 

sl0l3u,/3x  =  s2c23u2/3x 

s 1  *  b(2t,  ♦  2tp) ,  s2  <  b(2tp)  (3) 

Cf  *  c 
°2  *  C11 

Taking  the  above  conditions  into 
consideration,  the  resonance  frequency 
conditions  are  determined  as  follows: 

tan(or)*tan(o2)  *  *oi/zo2 
*01  *  01*1*1*  *02  *  02*2*2 

Pi  *  0p(0mV0ptp  ♦  D/(ta/tp  *  1)  (*) 

02  1  Pp 

»i  *  n>ti/vi,  a2  *  wt.2/v2 

Determine  the  ai  value  as  a  function  of 
t^tp  and  i2/ii  using  equations  (<l).  The 
resonance  frequency  f„  oan  then  be  calculated 
by  the  following  equation: 

fn  .  0,/m,  (0^,/Pp)  1/2*ki  (5) 

n:  Resonant  mode  order 

The  resonant  mode  Is  therefore  determined, 
using  the  undetermined  constant  T  of  equation 
(1),  by  the  following  equations: 

ui  ■  Xsin(wx/v1 ) ,  (Kx<ti  (6) 

u2  ■  Xsln(oi)/oos(a2)  x  oos(a2(  1  ♦  i\/lg) 

(x/ti  ♦  t2  -  1)),  4  l2) 

In  these  normalised  functions  of 
dlsplaoMenta,  the  undetermined  oonstant  X  of 
equations  (6)  oan  be  obtained  by  the  following 
equations: 

A  v/TkJ 

/  1  4  (t2/l,)/(1  4  WWtpPp) 

e2  •  / - 

/  ^  ain202  1  4  sin(2o2)/2a2  i2  sin2^ 

2®i  1  4  tgPm/tpPp  ti  ooa^og 


i 


,  (=mtm/o«,tp  ♦  1)/(t./tp  4  1) 
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Table  1  Dimensions  of  vibrators 
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Fig.  12.  Equivalent  Circuit  of  the 
Transducer 


Fig.  1 1 .  Frequency  Characteristic  of  One  Transducer 
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Fig.  1 8  Measured  Frequency  Characteristic. 


Fig.  19  Frequency  characteristic. 
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ABSTRACT 

^Strlpline  filters  and  the  closely  related  micro- 
strip  filters  are  coupled  transmission  line  net¬ 
works  which  are  fabricated  using  one  of  a  number 
of ^printed  circuit"  fabrication  techniques.  In 
order  to  understand  the  operation  and  parameters 
of  stripline  filters  it  is  necessary  to  understand 
the  fundamentals  of  single  and  coupled  transmission 
line  resonators. 

The  fundamental  properties  of  transmission  line 
resonators  are  reviewed,  and  specific  examples 
are  given  for  typical  stripline  parameters.  Basic 
relationships  are  given  for  the  size,  characteris¬ 
tic  impedance,  and  Q  of  stripline  resonators.  In 
general  it  is  found  that  stripline  resonator  Q  will 
be  limited  by  the  ohmic  losses  in  the  conductors. 
The  characteristics  of  the  skin  effect  and  the 
proximity  effect  which  determine  these  losses  are 
reviewed  — 

Several  examples  of  coupled  strlpline  filters  are 
shown. 


INTRODUCTION 

Strlpline  circuit  design  and  manufacture,  begun 
in  the  early  1950's,  has  evolved  into  a  cost 
effective,  compact,  and  repeatable  transmission 
line  technology.  The  subject  of  stripline  filters 
can  be  broadly  broken  into  three  subcategories. 
These  are : 

1.  --Properties  of  TEM  resonator  systems. 

2.  Unique  electrical  and  mechanical  characteris¬ 
tics  of  the  stripline  system. 

3.  Synthesis  of  desired  filter  response  in  trans¬ 
mission  line  networks. 

Each  of  these  subcategories  deserves  a  treatment 
much,  much  more  complete  than  is  reasonable  for 
an  overview  paper  such  as  this.  Therefore,  some 
choices  had  to  be  made.  The  first  choice  was  to 
not  address  the  synthesis  problem.  The  reason 
for  this  is  that  of  the  three  subcategories  above, 
this  one  is  the  least  specific  to  strlpline  tech¬ 
nology.  There  are  many  excellent  references,  but 
practical  considerations  dictate  that  the  list  of 
references  be  kept  modest.  Therefore,  we  list 
only  two  references  in  this  area. 1*2 

Of  the  remaining  two  subcategories,  we  will  draw 
generalizations  from  the  subject  of  TEM  resonators 


and  apply  them  to  the  stripline  system  as  required. 

In  general,  a  transmission  line  with  a  uniform, 
homogeneous,  isotropic  dielectric  will  support 
a  mode  characterized  by  transverse  electric  and 
magnetic  fields  (TEM  mode)  at  all  frequencies. 

When  the  dimensions  of  the  structure  are  such  that 
waveguide  modes  begin  to  propogate  at  some  fre¬ 
quency,  then  we  may  consider  that  frequency  as  the 
upper  practical  limit  of  the  transmission  line  as 
a  TEM  system.  The  basic  properties  of  the  TEM 
transmission  line  are  described  by  the  inductance 
and  capacitance  per  unit  length,  L  and  C.  These 
parameters  are  frequency  independent,  being  deter¬ 
mined  only  by  the  geometry  of  the  system  and  the 
dielectric  constant  of  the  mediun  (we  are  not  con¬ 
sidering  materieals  with  a  permeability  other  than 
unity). 

L  and  C  are  related  to  the  velocity  of  propogation 
of  the  line  by  the  relationship 


LC  =  1/v*  =  cr/vj  (1) 

and  to  the  characteristic  impedance  of  the  line  by 
TlaT  =  Z0  (2) 


where  v0  *  the  speed  of  light 

fr  =  the  (relative)  dielectric  constant 
v  =  the  propogation  velocity  of  the 
line 

Z0  =  the  characteristic  impedance  of  the 
line. 

Figure  1  shows,  in  cross  section,  the  coaxial 
cable  and  the  strip  transmission  line  (strlpline). 
The  coaxial  cable  is  probably  the  most  common  TEM 
transmission  line.  These  two  lines  are  very  sim- 
lar:  Both  consist  of  an  enclosing  outer,  or 
"ground"  conductor,  in  inner  or  • center "  conductor, 
and  a  dielectric  medium  separating  the  two  con¬ 
ductors.  Insofar  as  their  basic  characteristics, 
they  are  the  same  -  only  the  particular  parameters 
and  the  methods  of  manufacture  are  different. 

As  is  shown  in  figure  1,  the  cross  sectional  dim¬ 
ensions  of  the  strlpline  are  w  -  the  width  of  the 
center  conductor,  t  -  the  thickness  of  the  canter 
conductor,  and  b  -  the  height,  or  thickness,  of 
the  box.  Typically  the  width  of  tire  box  is 
so  much  greater  then  b  that  its  actual  dimension 
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does  not  enter  into  any  calcuia Cions. 

Since  filter  structures  are  typically  built  using 
resonant  lengths  of  line,  the  length  of  such  a 
resonant  length  is  a  measure  of  the  size  that  a 
filter  structure  will  be.  Figure  2  shows  the 
lengths  of  quarter  wave  resonators  vs.  frequency, 
for  several  common  dielectric  constants.  An  air 
dielectric,  cr  =  1,  is  rarely  used  for  stripline 
structures,  but  is  included  for  perspective, 
f,  =  2.3  is  typical  of  the  various  teflon,  glass- 
filled  teflon,  and  polyolefin  dielectric  materials. 
cf  =  10  is  an  approximate  value  for  alumina,  which 
is  probably  the  most  common  ceramic  dielectric. 

(r  =  36  is  an  approximate  value  for  barium  tetra- 
titanate,  a  ceramic  which  is  beginning  to  see  wide 
acceptance  as  a  dielectric  material. 


STRIPLINE  PARAMETERS 

The  most  widely  used  formulas  for  stripline  par¬ 
ameters  were  first  presented  by  Cohn.’  These  form¬ 
ulas  are  approximations  to  exact  formulas  which 
are  expressed  in  terms  of  elliptic  integrals.  Cohn 
showed  that,  for  w/(b-t)  <  .35, 


Z0v^  =  60Ln(4b/=d)  ohms  (3) 

where 

d  *  f  [l  ♦  * Ln  +  -51'(s>’)]  (4) 

and  that  for  w/b  >  .35, 


Note  that  equations  (3)  through  (6)  all  depend  on 
ratios  of  dimensions.  Therefore  actual  units  do 
not  matter,  so  long  as  all  dimensions  are  expressed 
in  the  same  units. 

Figure  3  shows  as  calculated  from  the  above 
formulas,  for  two  cases  of  t/b.  The  value 
t/b  =  .04  is  probably  as  large  a  value  as  would  be 
seen  in  practice.  For  b  =  100  mils,  for  example, 
t  would  be  4  mils.  This  is  quite  thick  for  a 
laminated  or  deposited  strip  of  some  sort.  The 
range  0  <  t/b  <  .04  therefore  encompasses  most 
practical  cases.  As  may  be  seen,  the  line  thick¬ 
ness  is  not  ignoreable,  but  on  the  other  hand  is 
not  very  consequential  insofar  as  Z0  is  concerned. 

Ohmic  losses  ln  stripline  conductors  are  dependent 
upon  three  contributing  factors.  The  first  factor 
is  the  conductivity  of  the  conductors  themselves. 
Copper  has  the  best  conductivity  (other  than  very 
expensive  silver)  available,  and  is  almost  univer¬ 
sally  chosen  as  the  stripline  conductor  material. 


The  second  factor  contributing  to  the  ohmic  loss 
is  the  Skin  Effect.  That  is,  at  RF  frequencies, 
currents  in  conductors  flow  close  to  the  surface 
of  the  conductors.  In  the  case  of  stripline  they 
flow  on  the  outside  of  the  center  conductor,  and 
on  the  Inside  of  the  outer  conductor.  The  current 
falls  off  exponentially  with  depth  into  the  con¬ 
ductor,  the  exponential  decay  having  a  character¬ 
istic  length  called  the  Skin  Depth. *  The  skin 
depth  ,  6,  is  shown  to  be 

6=1  /y/rf  yo  (  7 ) 

where  f  is  the  frequency 

y.  is  the  permeability  of  the  cond¬ 
uctor 

a  is  the  conductivity  of  the  cond¬ 
uctor 

For  an  infinite  half-plane  conductor,  the  total 
effective  resistance  is  given  by 


Rs  =  1/ffd  (8) 


Rs  is  the  lowest  resistance  that  a  conductor  can 
exhibit  at  a  given  frequency  -  and  then  only  if  it 
is  infinitely  thick.  For  all  practical  purposes, 
Rs  is  achieved  once  the  conductor  is  several  skin 
depths  thick.  Figure  4  shows  6  and  1%  vs.  freq¬ 
uency  for  a  copper  conductor. 

It  should  be  pointed  out  at  this  point  that  in  the 
case  of  the  stripline  center  conductor,  the  thick¬ 
ness  t  should  not  be  confused  with  the  conductor 
thickness  described  here.  The  center  conductor 
should  be  pictured  as  a  rectangular  box,  of  dim¬ 
ensions  W  x  t,  and  the  conductor  thickness  refers 
to  the  thickness  of  the  walls  of  this  box. 

The  final  factor  contributing  to  the  ohmic  loss  is 
sometimes  called  the  Proximity  Effect.  That  is, 
the  current  distribution  in  a  stripline  is  not 
uniform  in  the  conductors.  The  current  tends 
to  "bunch"  at  the  edges  of  the  center  conductor, 
and  directly  above  (and  below)  the  center  conduc¬ 
tor  in  the  outer  condictor. 

Wheeler5  has  shown  that  the  resistance  per  unit 
length  of  a  transmission  line  may  be  calculated 
from  the  inductance  per  unit  length  and  Rs  by 
the  formula 


where  the  xi  are  the  dimensions  of  the  line 
as  measured  from  some  convenient  reference  point. 
In  the  case  of  stripline,  it  it  most  convenient  to 
take  the  reference  point  as  the  geometric  center 
of  the  line  cross  section,  and  then  xi  =  t/2, 
etc.  Also,  by  using  (1)  and  (2),  L  is  known  if 
ZQ  is  known. 

Dielectric  losses  in  stripline  are  directly 
related  to  the  dielectric  loss  tangent  of  the 
dielectric  material,  tan(d).  Sometimes  this 
loss  tangent  is  expressed  in  terms  of  the  Q  of 
the  dielectric  material,  and  then 


(10) 


Qdiei  =  l/tan(d) 


The  above  quantity  is  usually  frequency  dependent, 
the  exact  relationship  depending  on  the  particular 
material. 


The  shunt  loss  per  unit  length  of  a  transmission 
line  is  given  by 


G  =  wC/Q^ei 


(11) 


and  then  the  Q  of  a  quarter-wave  resonator  is6 


_  u  LC 
R/Zq  +  GZ0 


(12) 


Figure  5  shows  stripline  resonator  Q  (copper  con¬ 
ductor)  vs.  the  box  height,  b,  for  the  particular 
case  specified  in  the  figure.  Z0  is  kept  constant, 
therefore  w  was  varied  along  with  b.  As  may  be 
seen,  increasing  b  increases  Q.  Also,  increasing 
b  at  constant  ZQ  increases  w.  This  means  that  the 
cross-sectional  area  of  the  stripline  and  therefore 
the  volume  of  a  stripline  resonator  structure  at 
a  given  Z0  will  increase  superlinearly  with  Q. 

Figure  6  shows  stripline  resonator  0  (copper  con¬ 
ductor)  vs.  frequency,  for  several  different  values 
of  er.  In  this  case  b  and  z0  are  kept  constant. 
This  means  that  w  was  corrected  for  the  different 
values  of  €  .  Here  we  see  that  Q  increases  with 
frequency,  but  that  a  higher  dielectric  constant, 
which  shrinks  the  dimensions  of  the  structure,  low¬ 
ers  the  Q. 

For  the  cases  shown  in  both  figures  5  and  6,  it  was 
assumed  that  ohmic  (conductor)  losses  were  the  only 
losses  to  consider.  This  is  an  accurate  assumption 
when  considering  almost  all  of  the  high  quality 
dielectric  materials  available  today.  In  the  case 
of  low  quality  printed  circuit  board  material,  or 
perhaps  some  ceramic  compositions,  this  assumption 
would  not  be  reasonable.  Equation  12,  however, 
would  still  be  correct. 


FILTER  STRUCTURES 


Figure  7  shows  two  types  of  stripline  low-pass 
filters,  and  their  approximate  equivalent  lumped 
circuit  models.  The  first  type  is  based  upon 
the  approximations  that  a  short  thin  length  of 
line  acts  as  a  series  inductance,  while  a  short 
wide  length  of  line  acts  as  a  shunt  capacitance. 
The  second  type  uses  these  same  approximations, 
but  in  a  more  complicated  structure,  and  is  actu¬ 
ally  a  realization  of  an  elliptic  function  filter. 

Figure  S  shows  two  realizations  of  a  stripline 
high-pass  filter,  and  their  (common)  circuit  model. 
As  in  the  case  of  the  low  pass  filters,  the  thin 
sections  of  line  act  as  series  inductors.  The 
grounding  of  one  end  of  a  line  is  typically  ac¬ 
complished  using  a  "plated  through"  hole  to  both 
upper  and  lower  outer  conductors.  The  difference 
between  these  two  realizations  is  the  manner  in 
which  the  series  capacitance  is  constructed.  The 
zig-zag  break  in  the  lines  shown  in  the  first  case 


is  a  very  easy  capacitance  to  realize  •  it  is  def¬ 
ined  using  the  same  technique,  and  at  the  same  time, 
as  the  rest  of  the  line  definitions.  The  zig-zag 
structure  is  used  to  maximize  the  gap  capacitance. 
Unfortunately,  even  with  zig-zag  structures,  often 
sufficient  series  capacitance  cannot  be  obtained 
using  gap  capcitance.  In  this  case  the  second  ap¬ 
proach  shown  in  figure  8  is  used.  Here,  a  "patch" 
of  conductor  material  is  laid  over  an  insulating 
thin  film  of  some  sort,  and  then  the  insulating 
film  is  laid  across  a  gap  in  the  line.  Various 
Insulating  sheet  materials,  metalized  on  one  side 
and  adhesive  backed  on  the  other  are  available  for 
this  purpose.  In  most  cases  they  are  thin  enough 
so  that  the  final  assembly  of  the  stripline  filter 
is  not  at  all  affected  by  their  presence. 

Figure  9  shows  a  direct-coupled  bandpass  filter, 
generally  most  useful  for  wideband  (>  25%)  appli¬ 
cations.  This  filter  is  comprised  of  a  string  of 
shorted  quarter  wave  resonators,  each  of  itfiich  acts 
as  one  pole  of  the  filter.  The  resonators  are  sep¬ 
arated  by  quarter  wave  line  sections-,  which  act 
as  impedance  inverters. 

Figure  10  shows  two  different  layouts  of  a  coupled- 
resonator  bandpass  filter.  In  this  case  each  line 
is  one  half  wavelength  long.  This  type  of  filter 
is  most  useful  for  narrow  to  median  bandwidth 
applications.  The  parameters  of  coupled  transmis¬ 
sion  lines  are  described  in  terms  of  "even"  and 
"odd"  mode  characteristic  impedances  in  the  case 
of  identical  line  sections.  These  impedances 
are  the  normal  modes  of  the  coupled  system.  For¬ 
mulas  for  the  side,  or  edge,  coupled  lines  were 
derived  by  Cohn7  who  presents  the  formulas  both 
analytically  and  in  the  form  of  nomographs. 

Figure  11  shows  a  coupled-resonator  banct>ass  fil¬ 
ter  made  up  of  quarter  wave  lines.  It  is  essen¬ 
tially  equivalent  to  the  structure  of  figure  10. 

This  structure,  known  as  an  "interdigital"  filter 
has  the  advantage  of  being  smaller  than  the  struc¬ 
ture  of  figure  10.  On  the  other  hand,  shorting 
the  lines  as  required  is  not  an  easy  job,  and 
therefore  the  structure  of  figure  10  is  both 
less  expensive  to  build  and  more  repeatable. 


CONSTRUCTION  TECHNIQUES 

Stripline  construction  can  be  broadly  divided  into 
two  categories,  depending  upon  the  mechanical  pro¬ 
perties  of  the  dielectric  material.  The  first 
category  includes  the  various  teflon,  filled 
teflon,  polyolefin,  etc.  materials  tblch  may  be 
generally  categorized  as  "soft"  materials.  These 
materials  are  supplied  in  sheets,  with  copper 
metalization  laminated  to  both  sides  of  the  sheets. 
Metal  patterns  are  defined  and  etched  using  stan¬ 
dard  printed  circuit  board  technology.  The  strip- 
line  is  then  assembled  by  drilling  as  many  holes 
as  necessary,  and  bolting  the  sheets  together.  In 
most  cases  stiff  metal  backing  plates  are  added  to 
either  side  for  rigidity.  When  a  stripline  filter 
is  a  subassembly  of  a  larger  system,  often  a  metal 
casting  is  provided  with  "nests"  for  the  various 
subassemblies.  In  this  case  the  sheet  of  dielec¬ 
tric  containing  the  stripline  filter  is  cut  to  the 


correct  size  and  dropped  into  its  nest.  When  all 
the  sit) assemblies  are  in  place  and  connected,  a 
cover  is  attached. 


The  second  category  of  stripline  construction  in¬ 
cludes  the  various  ceramic  materials,  such  as  alu¬ 
mina.  These  materials  are  quite  hard  and  brittle, 
and  cannot  be  counted  on  to  deform  about  a  center 
conductor  when  a  stripline  sandwich  is  formed. 
Typically,  ceramic  substrates  are  supplied  ir- 
metalized.  Conducting  metalization  must  be  applied 
to  the  ceramic,  using  some  form  of  thin  film  depos¬ 
ition,  thick  film  deposition,  or  chemical  bath. 
Patterning  of  conductors  is  achieved  using  either 
shadow  masking,  silk  screening,  or  photolitho- 
graphically  defined  etching,  as  appropriate.  When 
forming  the  stripline  sandwich,  it  is  necessary  in 
this  case  to  bond  mirror  image  center  con&jctt>r 
patterns  directly  to  each  other.  This  may  be 
accomplished  by  tinning  and  soldering  the  layers, 
or  with  a  conductive  adhesive.  Note  that  in  this 
type  of  structure  a  thin  air  layer  is  left  trap¬ 
ped  between  the  dielectric  layers,  in  between  the 
center  conductors.  This  air  layer  will  lower  the 
"effective"  dielectric  constant  of  the  system,  and 
must  be  compensated  for  in  the  design. 
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AM  " INTERDIGITAL"  BANDPASS  FILTER 
RESONATORS  ARE  X/4  LONG 
SOLID  CIRCLES  REPRESENT  MEIALIZED  HOLES 

TWO  LATOOTS  OF  A  COUPLED  LIRE  BANDPASS  FILTER  USING 
HALF  HAVE  RESONATORS.  NOTE  THAT  NO  GROUNDING  ROUS 
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Abstract  HHBOPOCnoa 

A  740  MHz  SAW  oscillator  is  developed  for - ^  This  paper  will  describe  the  development  of 

application  as  a  fixed  local  oscillator  in  the  ar  prototype  SAW  resonator  controlled  740  MHz 
transmitter  of  a  satellite  system.  The  SAW  precision  local  oscillator  for  satellite 


oscillator,  in  a  2.4  cubic  inch  package 
contains  a  heater,  second  stage 
amplifier/buffer,  power  leveling  and  harmonic 
suppression  filtering.  The  advantages  of  this 
system  are  the  reduced  size  and  complexity  due 
to  the  elimination  of  the  multiplier  chains 
required  in  bulkwave  oscillators,  a  short  term 
stability  of  2  X  10“10  for  100  second 
averaging  times,  low  single  side  band  noise 
floor  and  1.1:1  VSWR. 

Theoretical  and  practical  consideration  in 
the  optimization  of  SAW  resonator  design 
parameters  for  short  term  stability  and  phase 
noise  are  discussed.  A  fabrication  process 
resulting  in  improved  long  term  stability  and 
turning  point  control  is  presented. 
Fabrication  tolerance  variations  in  resonance 
frequency  are  dealt  with  by  a  plasma  process 
trim  and  by  design  optimization  of  static  to 
motional  capacity  ratio  or  pulling  range  of 
the  resonator.  The  introduction  of  semi¬ 
conductor  doping  techniques  reduces  metal 
migration  and  attendent  instabilities  due  to 
drive  level. 

Factors  affecting  the  design  of  precision 
high  frequency  SAW  oscillators  are  discussed 
with  particular  emphasis  on  the  choice  of 
transistor  type  and  oscillator  configuration. 
FET  and  bipolar  transistors  are  compared  to 
obtain  optimum  power  leveling,  desirable  input 
and  output  impedance  characteristics  and 
lowest  possible  noise  factor  for  improved 
short  term  stability.  Pierce,  Colpitts  and 
Clapp  oscillator  configurations  are  examined 
in  this  study.  Practical  considerations  of 
stray  capacitance  and  biasing  requirements 
which  can  shunt  the  various  elements  of  these 
configurations  are  reviewed  in  making  a  final 
design  choice.  Due  to  size  constraints  a 
component  type  ovenizlng  system  is  chosen  for 
stabilizing  this  oscillator. 

Experimental  results  of  prototype  units 
are  reported  for  phase  noise,  Allen  Variance 
of  fractional  frequency  deviation,  power 
consumption  and  temperature  stability.  Noise 
floor,  cloae-in  phase  noise  and  Allen  Variance 
for  1  sec.  to  100  sec.  averaging  times  are 
presented.  Testing  consider ationa,  including 
reference  oscillator  requirements  and  EMI/RPI 
effects,  are  also  presented. 
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applications.  The  oscillator  is  housed  in  a 
2.4  cubic  inch  package.  It  uses  discreet 
components  and  a  miniature  component  oven  for 
temperature  compensation  and  enhancement  of 
short  term  stability. 

Considerations  in  the  design  and 
fabrication  of  resonators  for  this  application 
will  be  discrfsgmd  as  well  as  those  of  the 
oscillator. 

Table  42,  discussed  in  a  later  section  of 
this  paper,  lists  the  goals  of  this  program. 
Since  this  is  for  a~  satellite  application, 
these  goals  are  required  to  be  met  in  a 
thermal  vaccum  environment.  Those  considered 
most  challenging  were  the  setability  c.f  ±3.4 
ppm,  a  long  term  stability  or  "aging"  of  ±5 
ppm  for  the  first  year,  and  a  short  term 
fractional  frequency  deviation  of  1  x  10-10 
which  was  especially  critical  at  the  longer 
averaging  times. 

In  order  to  achieve  these  goals  it  was 
necessary  to  optimize  both  the  resonator 
design  and  oscillation  configuration.  The 
design  of  the  resonator  will  be  considered 
first. 

SM  RESONATOR  DESIGN 
Mu  Cpnaideiatlona 

In  a  feedback  oscillator  AM  noise  is 
limited  because  the  active  device  of  such  an 
oscillator  is  operated  in  a  saturated 
condition.  The  dominant  noise  form  is  then  FM 
or  phase  noise.  The  commonly  accepted  way  of 
analyzing  phase  noise  is  based  upon  an 
expression  by  Leeson  1*2,9  which  is  shown  in 
Figure  1.  Though  this  is  not  an  exact 
expression  it  is  a  useful  vehicle  for 
optimizing  the  noise  performance  of  such  a 
feedback  oscillator. 

Using  this  expression  we  see  that  there  are 
several  steps  that  can  be  taken  to  minimise 
the  noise  in  a  feedback  oscillator.  In  order 
to  establish  the  best  noise  floor  the  terms  in 
the  numerator  of  the  coefficent  should  be 
minimised.  The  first  factor  to  be  minimised 
is  the  multiplication  factor  N.  To  achieve  a 
minimum  valve  of  unity  requires  that  the 
resonant  device  be  designed  to  operate  at  at 
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desired  output  frequency  instead  of  at  a 
subharmonic , 

Secondly,  the  insertion  loss  of  the 
resonator  device  should  also  be  minimized 
since  the  gain  G  required  to  meet  oscillation 
conditions  is  very  nearly  proportional  to  this 
loss.  Finally  the  noise  figure  F  of  the 
amplifier  should  also  be  minimized.  Little 
can  be  done  to  minimize  thermal  noise  KT.  The 
frequency  dependent  terms  which  govern  the 
region  closer  to  the  carrier  are  characterized 
by  the  phase  slope  of  the  resonant  device 
which  should,  therefore,  be  maximized  for 
optimum  noise  performance. 

Since  the  technology  presently  exists  to 
build  SAW  resonators  to  over  1  GHz  using 
conventional  photolithographic  processing, 
fundamental  frequency  operation  was  adopted  at 
the  conception  of  this  program.  The 
requirements  for  highest  Q  and  lowest 
insertion  loss  dictated  the  use  of  a  saw 
resonator  rather  than  delay  line,  and 
specifically,  a  740  MHz  SAW  resonator  with  the 
lowest  possible  loss  and  highest  possible 
phase  slope. 
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Equivalent  ciicult  Parameters 


Figure  2  is  a  summary  of  equivalent  circuit 
relationships  which  are  used  for  design  of  a 
single  port  SAW  resonator.  These  simplified 
equations  ar~>  valid  at  frequencies  near 
resonance  and  have  been  derived  from  earlier 
work  by  this  author  and  others.3 
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Equivalent  Circuit 
Single  Port  Resonator 
Figure  2 

Therefore,  for  a  given  cavity  length,  the 
single  transducer  of  a  one  port  resonator 
would  have  twice  the  number  of  finger  pair  as 
a  two-port;  thus,  yielding  one  fourth  the 
motional  resistance. 

Examining  these  relationships  also 
demonstrates  that  the  maximum  unloaded  Q  is 
achieved  by  maximizing  cavity  size  M  and  the 
total  reflection  coefficient, P  .  The  static 
to  motional  capacity  ratio,  Co/Cn  is  also  an 
important  figure  of  merit  because  it 
establishes  the  pullability  of  a  resonator  in 
a  given  oscillator  circuit.  It  is  desired  to 
minimize  this  ratio  for  the  largest  tuning 
range.  This  is  also  accomplished  by  using  a 
single  port  resonator  since  Ne  would  be 
maximized  in  this  type  of  design. 


Experimental  aeaulta 


Single  Sideband  Phase  Noise  Spectrum 
Figure  1 

By  ezamining  the  equivalent  circuit  in  this 
Figure  one  can  see  that  the  motional 
resistance,  Rm  is  ths  main  source  of  insertion 
loss.  Furtherzwre  this  motional  resistance  is 
directly  proportional  to  ths  radiation 
rssistsnes,  R0  of  ths  intsrdigital  transducer 
pumping  tbs  cavity  of  the  resonator.  Moqt  of 
ths  factors  determining  ths  radiation 
rssistsnes  are  material  constants,  however, 
one  design  variable  Nv,  ths  number  of 
affective  finger  pair  has  a  dominant  affect 
because  it  is  a  squared  term.  This  factor  Is 
ths  sain  reason  for  not  choosing  a  two-port 
resonator  configuration.  Ths  maximum  SAW 
resonator  cavity  length  is  determined  by 
interference  of  other  longitudinal  modes. 


Figure  3  shows  the  network  analyser  Sjj 
trace  in  polar  form  of  the  single  port  SAW 
resonator  designed  for  this  application. 

This  740  KHs  resonator  is  of  all  metal 
construction,  and  both  transducers  and 
reflectors  are  X/4  geometries.  The  aperature 
is  100  X,  the  cavity  size  is  100. 7SX  and  the 
transducer  is  98  £  in  length  and  has  a 
transverse  cosine  weighting. The  metal  is  600A° 
thick  and  it  has  ssvsral  percent  copper  dopant 
for  increased  power  handling.10 

We  can  see  from  this  figure  that  this 
resonator  has  an  inductive  swing,  a  motional 
resistance  of  approximately  20  ohms,  and  that 
there  are  no  competing  modes  as  is 
demonstrated  by  the  smoothness  of  the  trace. 
Experimental  measurements  also  show  that  the 
unloaded  Q  it  16,800. 
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Reflection  Coefficient,  Sj^ 
for  a  Single  Port  Resonator 


Figure  3 


Shall  Term  Stability 

In  order  to  achieve  the  short  term 
stability  goals  of  the  program  a  miniature 
component  oven  was  chosen  to  stabilize  the 
temperature  drift  of  the  SAW  resonator. 
Maximum  stability  could  only  be  achieved  by 
making  the  control  point  of  this  oven  coincide 
with  turnover  point  of  the  SAW  resonator. 
Since  the  control  points  of  this  oven  could 
only  be  adjusted  +5°C,  the  turnover  point 
variations  due  to  fabrication  influences  must 
also  remain  within  these  limits.  Figure  4 
shows  the  temperature  vs  frequency  curve  for 
one  of  these  prototype  SAW  resonators. 

In  this  figure  the  solid  curve  represents  a 
least  squares  fit  to  the  data  points  shown  as 
crosses.  The  goodness  of  the  fit  of  this 
curve  together  with  the  low  second  order 
coefficent  indicate  that  mounting  stresses 
were  well  under  control.  The  63°C  turning 
point  temperature  of  this  unit  was  nearly 
ideal  for  this  application  and  the  observed 
standard  deviation  was  ±3°C. 


The  distinguishing  feature  of  the  assembly 
process,  Figure  5(b),  is  the  inclusion  of  two 
types  of  resonator  packaging  concepts.  The 
first  is  a  conventional  coined,  Kovar  TO-5 
package  and  the  second  a  Kovar  HC-18  type  bulk 
crystal  package  with  modifications  for  clip 
mounting  directly  to  the  SAW  resonator  die. 
Electrical  connecton  to  the  HC-16  package  was 
provided  by  conductive  epoxy.  At  the  time  of 
this  writing  the  HC-18  packaged  units  have  not- 
been  completely  evaluated.  Work  is  continuing 
to  determine  if  improvements  in  aging, 
temperature  vs  frequency  distortion,  and 
hysteresis  can  be  achieved  with  this  package. 


Frequency  Shift  vs.  Temperature 
740  MHz  SMI  Resonator 


JUfioa  XftCffl  Stability 

Long  term  stability  is  mainly  a  matter  of 
good  process  definintion  which  eliminates 
systematic  causes  and  good  process  controls 
for  minimization  of  random  causes.  Figure  5 
illustrates  the  process  developed  to  achieve 
good  aging  and  tight  make  tolerances. 

Section  (a)  Figure  5  illustrates  the 
process  flow  and  "Rework'1  paths  of  the  wafer 
fabrication  area.  This  area  could  be 
characterized  as  conventional  hard  contact 
printing  process  with  wet  chemical  etch. 
Careful  wafer  cleaning  prior  to  metalization 
is  key  to  removing  contimination  and  achieving 
good  metal  adhesion.  Control  of  linewldth  and 
metal  thickness  is  required  to  set  the  center 
frequency  and  the  turnover  point  within 
acceptable  limits. 


Figure  4 


Figure  5(c)  illustrates  the  process  flow  in 
the  final  assembly  area.  This  includes  a 
functional  electrical  test  and  plasma  etching 
of  units  where  necessary  to  adjust  center 
frequency  within  a  ±50  ppm  window.  After 
functional  testing  units  were  given  an 
ultraviolet/ozone  cleaning  to  remove  the  final 
traces  of  contamination,  the  enclosures  are 
evacuated  and  baked  at  150°C  in  a  nitrogen 
atmosphere.  The  resonators  units  were  then 
immediately  resistance  welded  in  a  nitrogen1 
atmosphere  and  leak  checked  with  a  helium  mass 
spectrometer.  These  sealed  resonators  were 
then  fully  electrically  tested  and  "pre-aged* 
at  elevated  temperature  for  several  days.  The 
aging  data  was  used  to  select  well  behaved 
units  for  final  assembly  into  oscillators. 


(a)  FABRICATION 


(b)  ASSEMBLY 


I 

_ J 

MMCTianat 

_ _ 

CUAM 

_ _ 

h- 

TI8T 

ACCtUJUTB 

M8»  Ml» 

MIISTJMCI 

, _ 

WAOMTIM 
1  h| 

MflM 

r 

•MCOVT 

«J*V 

- - 

MML 

- ► 

F0» 

(c)  SEAL  AND  TEST 


Oscillator  Configurations 
Figure  6 

worked  well  at  this  frequency  but  difficulty 
was  encountered  when  this  configuration  was 
tried  at  740  MHz.  The  capacitance  values  of 
the  series  connected  capacitors  in  the 
feedback  path  are  on  the  order  of  5  to  15  pf 
at  200  MHz.  At  740  MHz  these  capacitor  values 
become  much  smaller  and  are  approximately  of 
the  same  order  of  magnitude  as  the  stray 
circuit  capacitance.  This  stray  capacitance 
tends  to  swamp  the  discreet  units,  making 
value  selection  difficult  and  time  consuming. 
For  this  reason  the  Colpitts  configuration  was 
set  aside. 


SAW  Resonator  Process  Flow 
Figure  5 

OSCILLATOR  CONFIGURATION 

Three  types  of  oscillator  configurations 
were  considered:  the  Colpitts,  the  Clapp,  and 
the  Pierce.  A  simplified  version  of  each  is 
given  in  Figure  6. 

Several  oscillators  were  built  at 
approximately  200  MHz  using  the  Colpitts 
configuration  in  Figure  6(a).  These  units 


The  Clapp  Oscillator  in  Figure  6(b)  was 
considered  and  several  units  tested.  This 
circuit  has  a  potentially  better  noise 
performance  due  to  its  grounded  base 
configuration,  but  the  units  tested  were  all 
plagued  with  spurious  oscillations  to  a  degree 
far  greater  than  any  other  configuration 
studied.  Free  running  oscillations  and 
squegging  (low  frequency  oscillations 
associated  with  RC  time  constants  of  the  bias 
and  coupling  circuits)  were  present  in  every 
case.  Due  to  the  difficulty  involved  in 
controlling  these  spurious  oscillations  this 
circuit  too  was  set  aside. 
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The  Pierce  Oscillator  in  Figure  6(c)  had 
none  of  the  drawbacks  mentioned  above  and  its 
performance  was  judged  satisfactory.  Based  on 
the  measured  data  gathered  during  the  FET  vs. 
Bipolar  tests  discussed  later  and  work  in  this 
area  by  others  5»°,  the  Pierce  Oscillator  was 
chosen  for  further  development. 


CHOICE  QE  ACmE  PEVICE  -  EE!  vs.  BIPOLAR 

Presently,  a  number  of  FET  oscillators 
utilizing  SAW  Resonators  are  in  use  as 
injection  sources  in  the  cable  television 
industry.7  Three  circuits  of  this  type  were 
examined.  All  of  these  circuits  were  Pierce 
Oscillators  that  utilized  2-port  SAW 
resonators  in  the  frequency  range  of  650  to 
750  MHz.  These  resonators  had  nominal 
insertion  phases  of  0°  or  180°.  In  addition,  a 
Pierce  Oscillator  using  a  two  port  0° 
resonator  and  a  bipolar  transistor  was  also 
tested.  The  results  for  the  four  oscillators 
are  presented  in  Table  «1. 

The  published  noise  figure  of  the  T1S-189 
was  approximately  1.5  dB  greater  than  the 
bipolar  unit  but  the  most  marked  difference 
between  device  types  was  the  bipolar  circuit's 
ability  to  withstand  externally  induced 
changes  such  as  tuning  and  voltage  variations. 
For  a  supply  voltage  variation  of  +1%  the 
change  in  frequency  for  each  oscillator  was 
observed.  In  terms  of  parts  per  million  per 
volt  the  bipolar  circuit  was  clearly  superior 
to  all  three  of  the  FET  circuits. 

The  tuning  range  of  each  oscillator  was 
determined  by  compressing  or  expanding  the 
turns  of  wire  in  the  inductors  that  are  part 
of  the  feedback  loop  and  noting  the  frequency 
change  at  the  extremes. 

The  tuning  range  of  the  FET  circuits  was 
much  greater  than  that  of  the  bipolar.  Though 
a  large  tuning  range  is  an  advantage  in  cost 
sensitive  commercial  applications  where  large 
resonator  frequency  distributions  must  be 
tolerated,  it  is  a  disadvantage  in  a  precision 
oscillator  application.  Large  tuning  range 
indicates  a  high  sensitivity  to  the  aging 
effects  of  the  other  feedback  components.  The 
R.F.  output  power  of  the  FET  circuits  also 
varied  considerably  more  than  that  of  the 
bipolar  unit  when  the  oscillators  were  tuned. 

The  bipolar  circuit  also  exhibited  a 
harmonic  level  (at  2  f0)  that  was  7  dB  lower 
than  the  best  FET  circuit.  This  was 
considered  significant  in  light  of  a  -40  dBc 
program  goal. 


The  FET  circuits  had  the  advantage  of 
overall  higher  R.F.  output  power  than  the 
bipolar  types,  but  none  of  the  oscillators 
studied  had  sufficient  R.F.  output  to 
eliminate  the  need  for  a  second  (amplifier) 
stage.  The  FET  circuits  also  used  less  power 
than  the  bipolar  but  this  was  attributed  to  an 
excessively  stiff  bias  supply  on  the  bipolar 
circuit.  This  was  later  modified  and  the 
bipolar's  power  consumption  was  reduced  to 
approximately  175  sfW. 


At  this  point  FET  circuit  tl,was  chosen  as 
representative  of  the  FET  circuits  and  used 
for  further  comparison  to  the  bipolar  circuit. 
The  schematic  diagrams  of  the  two  are 
presented  in  Figure  7 .  Using  a  Hewlett- 
Packard  5390A  Frequency  Stability  Analyser  and 
manufacturer  supplied  software,  plots  were 
made  of  fractional  frequency  deviation  and 
phase  noise  for  each  of  the  two  oscillators. 

From  the  phase  noise  plot  (Figure  8)  it  can 
be  seen  that  the  bipolar's  performance  is 
clearly  superior  to  the  FET,  being  10  to  15  dB 
lower  in  noise  for  offsets  of  10  Hz  to  1000 
Hz.  The  peak  on  the  FET's  curve  is  a  "bright 
line"  at  60  Hz  that  can  be  attributed  to 
power-line  interference. 
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A  similar  picture  is  obtained  by  comparing 
the  short  term  stability  of  these  oscillators. 
Figure  9  is  a  plot  of  sigma  Y  of  tau  (the 
standard  deviation  of  fractional  frequency 
drift  or  Allen  Variance)  versus  measurement 
averaging  time.  The  bipolar  circuit  frequency 
drift  is  approximately  an  order  of  atagnitude 
smaller  at  the  shorter  averaging  times  of  1  to 
10  seconds.  Toward  the  longer  averaging  times 
from  10  to  100  seconds,  the  difference  is 
smaller,  though  at  these  averaging  times  the 
temperature  dependency  of  the  resonator  and 
long  term  stability  may  be  masking  these 
measurements.  At  this  point,  neither 

oscillator  had  been  temperature  stabilized 
with  an  oven. 
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Fractional  Frequency  Deviation 
Figure  9 


For  the  reasons  just  discussed,  a  bipolar 
device  was  selected  as  the  most  suitable  for 
use  in  a  precision  oscillator. 


RESOHftTQB  TYPE:  simgle  port  vs.  two  port 


A  single  port  resonator  was  chosen  for  this 
work  primarily  due  to  its  lower  insertion 
loss,  as  mentioned  in  the  earlier  discussion 
on  SAW  resonator  design.  There  are  also  other 
advantages  to  the  single  port  resonator. 


Single  Port  Pierce 


Two  Port  Pierce 


Single  Port  and  Two  Port  Oscillators 
Figure  10 


Figure  10  shows  the  schematic  diagrams  for 
oscillators  using  each  type  of  resonator. 
Note  that  the  two  nort  oscillator  circuit 
requires  two  inductors  in  the  feedback  loop. 
These  are  necessary  in  order  to  achieve  the 
required  phase  shift  and  reduce  the  insertion 
loss  of  the  device.  These  inductors  tune  out 
the  negative  reactance  appearing  at  each  port 
of  the  two  port  resonator.  (Figure  11) 


electrodes  mentioned  previously  has  been  found 
to  minimize  the  effect.  One  additional  step 
taken  here  was  to  introduce  a  small  amount  of 
emitter  degeneration  in  the  oscillator  circuit 
to  reduce  the  effect  of  flicker  noise 
generated  in  the  base-emitter  junction  of  the 
transistor.4  The  final  value  of  the  emitter 
bypass  capacitor  is  the  minimum  required  to 
maintain  oscillation. 


Referring  back  to  Figure  3  it  can  be  seen 
that  the  single  port  resonator  swings 

inductive.  This  eliminates  the  need  for 
bulky,  often  temperature  sensitive  inductors. 
The  single  port  circuit  requires  only  one 

additional  capacitor  in  the  feedback  loop  to 
allow  for  tuning.  Its  equivalent  circuit 

(Figure  2)  also  resembles  that  of  the  well 
known  bulk  mode  crystal  resonator.  This 

allows  for  easier  implementation  into  circuits 
previously  developed  for  that  type  of 
resonator. 

In  summary,  the  single  resonator  has  the 
advantages  of  lower  insertion  loss,  requires 
fewer  external  components,  and  is  easier  to 
implement. 
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Reflection  Coefficients  Sn  and  S22 
for  a  Two  Port  Resonator 


TEMPERATURE  COMPENSATION 

The  previous  steps  have  their  greatest 
effect  on  short  term  stability  at  the  shorter 
averaging  times.  At  the  longer  averaging 
times  however,  temperature  begins  to  play  a 
significant  role. 

There  are  two  basic  approaches  to 
compensating  an  oscillator  for  medium  (i.e. 
temperature)  stability.  One  approach  is  that 
of  a  temperature  compensated  oscillator  (TCXO) 
and  the  other  involves  the  use  of  ovens. 
While  the  TCXO  offers  the  advantage  of  low 
power  consumption,  it  has  definite 
disadvantages.  The  increased  complexity  of 
the  TCXO  decreases  reliability  and  it  also 
requires  extensive  development  and  testing. 

The  ovenized  approach  avoids  these 
disadvantages.  The  power  required  by  a 
miniature  component  oven  and  its  physical  size 
were  both  within  the  limits  of  the  program 
goals,  so  these  were  not  felt  to  be  a 
disadvantage  for  this  project. 


OSCILLATOR  -FINAL  CONFIGURATION 

The  oscillator  is  housed  in  a  1.2"W  X  2.0"L 
X  1.0"H  gold  plated  aluminum  housing.  The 
oscillator  circuit  is  constructed  on  one  side 
of  a  piece  of  RT  Duroid  5870  using  discreet 
components.  The  resonator  and  miniature 
component  oven  are  mounted  on  the  other  side 
of  the  circuit  board  along  with  connections 
for  +Vcc. 


Figure  11 


OSCILLATOR  QESim 

The  resonator's  effect  on  short  term 
stability  has  been  previously  discussed. 
Here,  consideration  is  given  to  the  design  of 
the  oscillator  for  optimum  short  term 
stability. 

As  discussed  earlier,  the  noise  figure  of 
the  amplifying  device  should  be  as  low  as 
practicable.  The  transistor  selected  for  this 
work  has  a  noise  figure  of  1.8  dB  at  1  GHz.  A 
high  ratio  of  circulating  power  to  output 
power,  i.e.  a  lightly  loaded  oscillator, 
minimizes  the  effect  of  load  variations  that 
tend  to  "pull"  the  oscillator  frequency.9  The 
high  circulating  power  necessary  for  this  has 
been  cited8  as  causing  deterioration  of  the 
resonator,  but  the  copper  doping  of  the 


The  final  circuit  configuration  is  given  in 
Figure  12.  Hewlett-Packard  HXTR-3101  bipolar 
transistors  were  used  as  active  devices  in 
both  the  oscillator  and  amplifier  stages.  The 
resistor  labeled  RP  in  the  schematic  diagram 
is  the  oven  programming  resistor.  It's  value 
is  selected  to  adjust  the  temperature  of  the 
oven  to  the  turnover  point  of  the  individual 
resonator.  This  enhances  the  short  ter* 
stability  of  the  oscillator  by  reducing  its 
sensitivity  to  small  temperature  variations, 
since  the  oven  maintains  the  resonator  at  a 
temperature  where  it  frequency  versus 
temperature  characteristic  is  at  or  near  a 
minimum  slope. 

The  final  frequency  of  the  oscillator  is 
adjusted  via  a  stripline  type  variable 
capacitor  at  the  base  of  the  oscillator 
transistor.  Coarse  frequency  adjustment  is 
accomplished  by  resonator  tuning  and 
selection.  The  power  output  of  the  oscillator 
is  approximately  -3  dBm.  The  gain  of  the 
amplifier  is  approximately  15  dB.  This 
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PRECISION  L-BAND  OSCILLATOR 

Figure  12 

combination  results  in  an  output  level  that 
meets  the  +10  d3m  goal  with  a  comfortable 
margin.  The  output  of  the  amplifier  is  fed 
through  a  PI  network  that  functions  as  a  low 
pass  filter  and  through  an  attenuator  that 
serves  as  a  minimum  load  on  the  amplifier  and 
holds  the  units  output  impedance  within 
limits.  Pinal  output  is  via  a  removeable  S'lA 
connector  which  is  stripline  compatible. 


MEASUREMENT  TINE  U  U  GEO 

Short  Term  Stability  for 
L-Band  Precision  Oscillator 

Figure  13 


The  final  prototype  configuration  was  then 
tested  for  short  term  stability,  phase  noise, 
long  term  stability,  and  performance  over 
temperature.  The  3hort  term  stability,  shov/n 
in  Figure  13,  for  the  specified  averaging 
times  is  very  close  to  the  goals.  At  the  1 
second  averaging  time  the  fractional  frequency 
deviation  was  approximately  1.5  X  10“1°,  at  10 
seconds,  1.7  X  10~10  and  at  100  seconds,  2.9  X 
10_1°. 

Figure  14  is  a  plot  of  the  single  sideband 
phase  noise  for  10  Hz  to  1000  Hz  offsets  from 
the  carrier.  At  the  10  Hz  offset,  the  phase 
noise  is  approximately  -52  dBC.  From,  there  it 

rolls  off  at  a  1/f  rate  to  approximately  -110 
dBC  at  the  1000  Hz  offset.  The  advantage  of  a 
single  port  resonator  over  a  two  port 
resonator  can  be  seen  by  comparing  the  phase 
noise  plot  of  Figure  14  with  that  of  the  two 
port  bipolar  oscillator  in  Figure  8.  At  the 
10  Hz  offset  it  can  be  seen  that  the  single 
port  circuit  has  a  5  to  6  dB  advantage  over 
the  two  port  circuit. 

An  estimate  of  long  term  stability  (i.e. 
aging)  was  made  by  fitting  a  line  to  the 
frequency  vs.  time  curve  in  Figure  15.  Over 
the  24  hour  period  indicated  in  the  graph,  the 
extrapolated  drift  rate  was  +5.03  ppm/year, 
essentially  the  +5  ppm/year  goal.  A  later 
measurement  by  the  customer  in  a  thermal 
vacuum  environment  over  a  three  week  period 
yielded  a  drift  rate  of  +4.5  ppm/ye ar. 
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Over  the  temperature  range  of  -15°C  to 
+C0°C  the  R.F.  output  power  (Figure  16)  meets 
the  goal  of  +10  dBu  minimum  and  exhibits  less 
than  1  <33  variation.  The  frequency  drift 
(Figure  17)  over  the  temperature  range  is 
approximately  +1  ppm.  The  power  consumption 
results  (Figure  18)  are  very  close  to  the 
original  goal  except  at  +40°C  and  higher. 
Here  the  oven  consumes  very  little  power  and 
the  power  consumption  is  primarily  that  of  the 
oscillator  circuitry. 

The  final  package  size  fell  short  of  the 
goal  by  0.36  cubic  inches.  It  is  believed 
that  this  goal  could  be  reached  by  a  careful 
redesign  of  the  housing  and  circuit  boarc 
layout. 


Figure  15 


Figure  16 


Figure  17 


Figure  18 


IESIIUC  CPKSIDEBATIPNS 

The  short  term  stability  (Allan  Variance) 
and  phase  noise  (£(fj)  measurements  presented 
here  were  made  on  the  Hewlett-Packard  5390A 
Frequency  Stability  Analyzer.  The  system  uses 
a  98253  Controller,  manufacturer  supplied 
software  and  an  8662A  reference  oscillator. 

In  order  to  obtain  meaningful  results  in 
testing  the  oscillator,  consideration  must  be 
given  to  the  testing  environment.  Two  areas 
that  can  mask  test  results  are  electro¬ 
magnetic  interference  (EMI)  and  radio 
frequency  interference  (RFI) .  A  third  area  of 
concern  is  the  thermal  environment.  The  steps 
taken  to  minimize  these  influences  are 
outlined  as  follows. 

The  testing  environment  should  be  shielded 
or  otherwise  well  removed  from  EMI  sources 
because  electrical  noise  of  sufficient 
strength  can  easily  modulate  the  oscillator 
output.  Also,  a  fixed  attenuator  of  20  dB 
directly  at  the  output  of  the  oscillator  will 
reduce  the  effects  of  noise  entering  the 
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NOMINAL  FREQUENCY 

674 

680 

668 

740 

m 

CIRCUIT  CONFIGURATION 

PIERCE 

PIERCE 

PIERCE 

PIERCE 

- 

RESONATOR  TYPE 

180*  2  PORT 

0*  2  PORT 

0*  2  PORT 

0*2  PORT 

- 

ACTIVE  DEVICE 

TIS-189 

tis-189 

BF-960 

HXTR-31G1 

- 

DEVICE  NOISE  FIGURE  3  DB  a  900  WZ 

3  DB  8  900  MHZ 

NOT  AVAILABLE 

1.8  DB  8  1  GHZ 

FREQUENCY  SENSITIVITY  TO 
±1*  SUPPLY  VOLTAGE  VARIATION 

30 

36 

10 

1 

PPM/VOLT 

TUNING  RANGE 

1600 

1000 

130 

13 

tfPM 

POWER  OUTPUT  VARIATION  WITH 
TUNING  (  PQ) 

8 

17.4 

4.9 

1.3 

DB 

POWER  GONSUWTION 

132 

120 

286 
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HARMONIC  AT  Fg 

-17 

-18 

-20 

-27 

dBC 

R.F.  POWER  OUTPUT 

+3.3 

-5 

(UNMATQED) 

+3.4 

-3.11 

dBm 

ACTIVE  DEVICE  (XWWISONS 
TABLE  1 


oscillator  circuitry  via  the  output 
connections.  Although  a  shielded  enclosure 
for  reducing  EHI/RFI  effects  was  not 
available,  most  of  the  undesirable  effects  of 
EMI/RFI  were  overcome  by  the  attenuator 
mentioned  above  and  by  using  the  shortest 
possible  R.F.  cable  runs  between  the 
oscillator  output  and  the  input  ports  of  the 
test  equipment.  In  addition,  the  power  supply 
leads  were  also  shielded  and  decoupled  at  the 
entrance  to  the  oscillator  housing.  These 
steps  yielded  a  marked  improvement  in  short 
term  stability  measurements. 


The  oscillator  itself  should  also  be 
shielded  on  all  sides.  An  additional 
improvement  was  obtained  when  tests  were 
conducted  during  the  night  time  hours  when 
sources  of  EKI  were  fewer  and  usually  at  lower 
levels  than  during  the  day.  The  thermal 
environment  was  also  more  stable  at  night. 


During  the  temperature  cycling  more 
consistent  results  were  obtained  with 
measurements  made  in  still  air.  This  was  also 
considered  more  consistent  with  a  thermal 
vacuum  environment  because  convection  effects 
were  minimised.  Preliminary  tests  of  the 
oscillator  in  a  thermal  vacuum  show  no 
significant  change  in  performance. 


coEcmaioas 

A  complete  list  of  the  goals  attempted  and 
the  results  achieved  for  this  project  is 
compiled  in  Table  2.  The  goals  for  frequency 
setting,  R.f.  power  output,  harmonic  and 
spurious  suppression  were  all  met  or 
exceeded.  The  short  term  stability  for  the 
specified  averaging  times  is  very  close  to  the 
goals.  Less  than  5.0  ppm  1st  year  long  term 
stability  has  also  been  achieved  in  a  thermal 
vacuum  environment.  This  is  believed  to  be 
state  of  the  art  for  SAW  oscillators  of  this 
frequency,  size  and  power  consumption. 

nils  work  has  successfully  demonstrated  the 
feasibility  of  L-Band  Precision  SAW 
Oscillators.  The  majority  of  the  goals 
attempted  were  met  and  those  remaining  are 
certainly  within  the  realm  of  possibility. 
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SPECIFICATIONS 

GOAL 

ACTUAL 

Frequency 

740.000  MHz  ±3.4  PPM 

-0.52  PPM 

R.F.  Power 

+10  dBm  Minimum 

+11.60  dBm  9  25"C 

Short  Term  Stability 

Average  Times  • 

(100  Samples) 

1.473  X  10* 10 

1  Sec.  IX  10*10 

10  Sec.  IX  10*10 

1.682  X  10'10 

100  Sec.  1  X  10'10 

2.896  X  10* 10 

Long  Term  Stability 

+5  PPM  for  1st  Year 

1.38  X  10*8  Per  Day 

±12  PPM  for  5  Years 

(5.03  PPM/Year) 

with  Goal  of  ±6  PPM 

Customer  verified 

for  5  Years 

at  4.5  PPM/Year 

Harmonics 

<-40  dBc 

2nd  <-60  dBc 

3rd  and  higher 
not  measured 

Spurious 

<-60  dBc 

<-60  dBc 

(100  Hz  to  1500  MHz) 

Impedance 

50  n Nomi na 1 

40.7  a 

Operating  Voltage 

15V±1% 

15 V±l% 

Frequency  Variation 
with  ±1%  Change  in 

Operating  Voltage 

Power  Consumption  at 

None 

<0.2  PPM 

Turn  On 

3.5W  (Maximum) 

3.47W 

Over  Temperature  Range 

1.75W  Max.  @  -15®C 

1.74H 

0.25W  Max.  9  +60°C 

0.50W 

Mechanical  1 

.2"WX2.0"LX0.85,,H  (Max) 

1 

.2"WX1.5"LX0.65"H  (Goal) 

1 .2"WX2.0"LX1 ,0"H 

GOALS  AND  ACHIEVEMENTS 
TABLE  2 
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Abstract 

—• ^A  systematic  approach  to  the  design  of  a 
feedback  RF  oscillator  using  a  two-port  SAW 
resonator  as  the  primary  frequency  control  element 
will  be  presented.  The  tradeoff  between  oscillator 
pull  range  and  stability  will  be  discussed. 
Oscillators  have  been  developed  which  are  optimised 
for  minimum  manufacturing  cost  in  the  UK?  range. 
Over  100,000  oscillators  have  been  successfully  used 
for  over  one  year  with  no  known  failures  in  the 
field.  Data  will  be  presented  on  the  aging 
characteristics  of  oscillators  using  FET  and  bipolar 
transistors.  Also,  the  interaction  of  oscillator 
pulling  and  temperature  stability  has  been 
extensively  investigated.  £- 

Introduction 

The  birth  of  Surface  Acoustic  Wave  Resonators 
(SAWR)  is  recorded  as  being  in  1975,  with  the 
literature  recording  intense  amounts  of  continuing 
work  being  done  in  the  area  of  aging  and  short  term 
stability  by  various  investigators.  It  is  through 
these  efforts  that  a  utility  can  be  made  utilizing 
these  devices  to  fulfill  a  realistic  need  for  small, 
low  cost  VHF  and  UHF  frequency  sources.  Frequency 
crowding  has  dictated  tighter  and  tighter  tolerances 
on  frequency  accuracy  which  is  in  direct  opposition 
to  low  costs  from  a  manufacturing  point  of  view.  It 
is  with  this  in  mind  that  an  approach  to  the  design 
of  an  oscillator  circuit  that  can  accommodate  the 
wider  spread  in  manufacturing  frequency  tolerances 
that  coincide  with  lower  costs  and  be  able  to  "pull" 
the  frequency  back  to  the  desired  operating 
frequency  is  attempted.  The  overall  frequency 
characteristics  of  the  new  circuit  afford 
adjustability  while  still  maintaining  the  desirable 
characteristics  associated  with  SAWR  oscillators. 

Oscillator  Design 

The  original  credit  for  the  feedback  oscillator 
goes  to  Barkhausen  with  the  criterion  established  in 
figure  1  as  being  those  required  for  oscillations  to 
occur.  The  circuit  discussed  here  (figure  2)  is  an 
implementation  of  those  criteria  in  such  a  manner  as 
to  utilize  the  SAWR  as  the  primary  frequency  control 
element  in  the  oscillator,  The  SAWR  is  normally 
considered  as  a  device  with  a  fixed  Q,  center 
frequency  and  some  Insertion  loss.  The  fact  that 
these  parameters  are  normally  given  in  terms  of  a  50 
ohm  system  has  apparently  restricted  the  thought  of 
using  the  devices  in  an  impedance  other  than  50  ohms 
or  whatever  impedance  the  circuit  will  provide.  The 
fact  that  the  resonator  exhibits  a  90  degree 
transmission  phase  between  the  3  dB  bandwidth  points 
for  various  values  of  loaded  9  enables  us  to 
electrically  establish  a  variable  phase  slops  while 
using  the  SAWR  in  the  feedback  loop  of  an 
oscillator.  This  phase  slope  does  have  finite  limits 
in  that  the  device  does  not  have  infinite  Q  in 
Itself  and  thereby  seta  the  a  ax  1  mum  phase  slops 
attainable.  The  minimum  phase  slope  is  limited  only 
by  the  characteristics  of  the  resonator  under  loaded 
conditions  and  the  other  components  in  the 


oscillator  loop.  The  transmission  amplitude  and 
phase  characteristics  of  a  674  KHz  resonator  are 
shown  in  figure  3  for  two  different  Impedance 
environments.  These  photos  attempt  to  illustrate  the 
difference  in  phase  slope  that  can  be  realized  by 
providing  a  controlled  Impedance  environment  in 
which  the  resonator  can  operate.  It  is  also  worth 
noting  at  this  time  that  there  la  a  limit  to  which 
the  de-Q-ing  can  be  accomplished  without  altering 
the  desirable  characteristics,  the  actual  limit  is 
determined  from  trade-offs.  The  200  ohm  impedance 
environment  already  shows  asymmetry  in  the  amplitude 
response  versus  frequency. 

The  impedance  matching  networks  between  the  SAWR 
and  the  active  device  allow  almost  complete  freedom 
to  choose  the  operating  impedance  for  the  resonator 
and  also  allow  for  compensation  of  non  ideal  phase 
contribution  by  the  active  device.  In  most 
oscillator  designs  the  final  frequency  adjustments 
are  made  by  varying  the  values  of  these  components. 
These  matching  networks  can  be  either  series  type  of 
matching  networks  such  as  pi  or  L  networks  or  they 
can  be  a  shunt  type  of  network  such  as  a  tapped 
inductor  or  tapped  capacitors.  There  are  four 
possible  combinations  that  can  be  utilized  in  an 
oscillator  with  two  matching  networks.  The  frequency 
vs.  temperature  characteristics  for  these  four  types 
of  circuits,  in  oscillators,  will  be  shown  to  be 
different  for  each  type  of  implementation. 

A  typical  example  of  an  oscillator  is  one  that 

uses  a  series  type  of  matching  on  each  side  of  the 
SAWR  to  establish  the  characteristic  impedance  in 
which  the  resonator  will  operate.  This  circuit  also 
uses  a  dual  gate  KOSFET  device  as  the  active 
element.  This  type  of  device  was  chosen  because  of 
its  relatively  high  gain,  low  reverse  transmission 
characteristics  as  well  as  providing  low  noise 
amplification.  In  this  particular  example  a  3W225 
was  used  but  the  BF960  and  the  3SK88  will  work  as 
well  for  providing  the  required  gain  at  674  HHz. 

The  goal  of  this  design  is  to  be  able  to  accept 
a  SAWR  with  a  manufacturing  tolerance  of  ♦/-  150  KHz 
on  the  center  frequency  and  be  able  to  pull  the 
oscillator  back  to  the  center  frequency.  A  SAWR  at 
674  KHz  will  typically  have  an  unloaded  Q  in  the 
range  of  from  10,000  to  11,000  which  implies  an 
unloaded  3  dB  bandwidth  of  approximately  65  KHz  and 
exhibit  approximately  8  dB  of  insertion  loss  in  a  50 
ohm  system.  In  order  to  be  able  to  pull  this  device 
by  ♦/-  150  kHz  the  loaded  9  will  have  to  be  on  the 
order  of  2,200.  In  order  to  determine  the  impedance 
of  the  external  circuit  that  will  be  required  to 
provide  this  value  of  loaded  G  the  lumped  element 
equivalent  circuit  should  be  examined.  This  limped 
element  model  as  shown  is  figure  4  is  a  first  order 
approximation  to  the  SAWR  close  to  resonance.  The 
external  resistance  that  must  be  supplied  in  order 
to  provide  this  desired  value  of  loaded  Q  (Ql)  can 
be  determined  from  the  relationship 

Rg  ♦  B1  •  (  9u  /  91  )  *  Ra  -  Rm 

For  equal  generator  and  load  resistances  this 
value  is  determined  to  be  approximately  300  ohms. 
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This  new  laps  dance  environment  will  also  reduce  the 
insertion  loss  to  approximately  3*5  dB  as  opposed  to 
the  8  dB  encountered  in  the  50  oho  environoant.  This 
new  lower  loss  thereby  reduces  the  requirements  that 
are  oade  on  the  amplifier  section  of  the  oscillator. 
If  a  snail  signal  analysis  is  oade  on  the  circuit 
(no  Uniting  due  to  saturation  )  a  gain  of  about  6.5 
dB  is  required  of  the  circuit  to  allow  for 
sufficient  gain  when  the  circuit  is  pulled  to  the  3 
dB  point  on  the  resonator  transmission 
characteristic.  At  this  point  we  know  the  iapedance 
that  we  would  like  to  operate  in  and  the  next  task 
is  to  design  an  amplifier  and  matching  networks  to 
provide  the  required  minimum  gain  as  well  as  provide 
the  required  transmission  phase  shift  so  that  the 
loop  will  oscillate  when  closed  upon  itself.  If  the 
3H225  FET  is  conjugately  and  simultaneously  matched 
at  the  center  frequency  of  the  SAkR  it  is  found  to 
exhibit  a  stability  factor  of  6.6  in  the  300  Ohm 

environment.  This  stability  factor  insures  that  the 
device  is  unconditionally  stable  and  that  the  device 
will  not  oscillate  due  to  the  impedance  environment. 

A  value  of  less  than  one  indicates  that  the 
amplifier  is  only  conditionally  stable  and  that  for 
some  impedances  oscillations  may  occur  just  due  to 
the  loading.  S-parameters  for  the  3H225  device 
indicate  that  the  matching  networks  required  to 
simultaneously  and  conjugately  match  this  structure 
in  a  300  Ohm  environment  are  .94  at  an  angle  of  142 
degrees  (10.6  +j104)  on  the  input  and  .97  at  an 
angle  of  124  degrees  (4.9  +J159)  on  the  output. 
These  impedances  will  provide  the  required  operating 
environment  for  the  resonator  to  be  “pulled"  to  the 
desired  operating  frequency  within  the  tolerance 
window.  Two  pi  section  networks  were  selected  for 
these  matching  networks.  By  selecting  three  element 
networks  both  the  phase  and  the  transformation  ratio 
can  be  specified  in  the  same  network.  A  second 
advantage  is  that  some  of  the  parasitic  capacitances 
associated  with  the  devices  can  be  absorbed  by  the 
matching  network  capacitances.  An  analysis  of  the 
amplifier  and  the  matching  networks  indicates  an  S21 
phase  of  160  degrees  when  perfectly  matched.  This 
value  can  easily  be  adjusted  to  a  value  of  180 
degrees  while  only  providing  a  small  amount  of 
mismatch  in  the  desired  impedance.  This  180  degrees 
and  the  additional  180  degrees  of  phase  shift 
encountered  in  the  SAWR  at  center  frequency  provide 
the  required  criteria  of  Barkhausen  that  the  loop 
phase  be  a  multiple  of  2n  x  180  degrees 
(n»1 ,2,3i . •  • ) •  The  actual  amplifier  is  capable  of 
providing  approximately  16  dB  of  gain  in  the  300  Ohm 
environment  and  thereby  haa  sufficient  gain  to 
easily  absorb  the  slight  mismatches. 

There  have  been  numerous  circuit  implementations 
used  to  accomplish  the  same  end  result,  each  using  a 
different  configuration  of  components.  In  some 
instances,  if  the  output  iapedance  of  the  active 
device  is  low  enough  all  of  the  additional  iapedance 
required  can  be  supplied  in  the  input  matching 
network.  This  does  require  that  the  phase  of  the 
active  device  be  of  such  degree  as  to  still  meet  the 
loop  requirements.  Oscillators  using  these 
techniques  have  been  constructed  and  operated  to  as 
high  as  1  Ghs*  In  sddition,  over  100,000  oscillators 
using  SAVR  devices  as  the  stabilizing  element  have 
been  put  into  field  teets  at  this  time  and  no  known 
failures  have  been  reported.  There  have  been  a 
limited  number  of  oscillators  designed  using  bipolar 
transistors  in  the  range  of  600  MHz  with  good 
results  from  an  Inexpensive  transistor.  The  600  nH* 
is  about  the  useful  limit  for  the  very  Inexpensive 

transistor  while  more  costly  devices  will  work 
equally  as  well  at  the  higher  frequencies. 


Extensive  work  has  been  done  In  the  evaluation 
of  these  circuits  as  functions  of  temperature  and 
the  amount  of  frequency  that  they  are  pulled  from 
the  actual  device  center  frequency.  With  two 
possible  types  of  tuning  networks  (series  and 
parallel)  and  two  places  to  utilize  the  circuits 
there  are  four  possible  configurations  to  consider. 
The  four  configurations  will  be  referred  to  as  those 
shown  in  figure  5  as  types  one  thru  four  in  the 
text.  All  four  circuits  gave  similar  frequency  vs. 
temperature  performance  as  far  as  the  amount  of 
frequency  shift  that  was  observed.  There  were  some 
distinct  differences  however  observed  when  a  dose 
analysis  was  performed  on  the  shift  observed  In  the 
turnover  temperature  of  the  oscillators  as  compared 
with  that  of  the  resonator  used  in  that  oscillator 
(when  the  resonator  was  observed  In  a  50  Ohm 
environment),  versus  the  amount  of  frequency  that 
the  oscillator  was  pulled  from  the  natural 
fabrication  frequency  of  the  resonator.  Figure  6 
illustrates  a  typical  aet  of  frequency  versus 
temperature  characteristics  for  a  type  1  oscillator. 
The  triangle  points  indicate  the  turnover  point  of 
the  oscillator  as  computed  from  a  quadratic  fit  to 
the  limited  mmber  of  data  points.  The  four  plots 
are  wade  from  separate  temperature  runs  with  the 
oscillators  being  set  to  four  discrete  frequency 
settings  relative  to  the  resonator  that  was  used  in 
that  particular  oscillator  circuit.  These  settings 
were  +70  KHz,  0  KHz ,  -70  KHz,  and  -130  KHz  from  the 
natural  frequency  of  the  resonator  which  was 
approximately  674  MHz.  Figure  7  illustrates  the 
effects  of  the  various  types  of  circuits  on  the 
turnover  temperature  of  the  resonator.  The  mechanism 
for  this  shift  is  not  understood  at  this  time  but  is 
being  presented  in  raw  form  aa  doc  intent  at  Ion  that 
there  Is  a  mechanism  to  be  considered  in  the  design 
of  oscillator  circuits. 

IWo  types  of  oscillators,  figures  8  and  9,  have 
been  fabricated  and  placed  In  temperature  chambers 
In  an  attempt  to  acquire  some  insight  into  the  aging 
characteristics  of  these  circuits.  One  type  of 
oscillator,  figure  8,  utilizing  a  bipolar  transistor 
has  been  run  at  35  deg.  C  and  at  65  deg.  C  for 
approximately  200  days.  There  have  been  mmeroui 
momentary  Interruptions  in  the  test  as  can  he 
observed  in  the  data.  In  figure  10  on  the  65  deg. 
devices  an  interesting  phenomenon  was  observed.  The 
temperature  in  the  chamber  had  drifted  slightly  (3 
deg.)  over  a  long  period  and  was  reset  to  65  deg.  at 

approximately  50  days,  the  resulting  frequency  shift 
was  in  accordance  with  that  which  would  be  expected 
(2.2  ppm/  deg.  C) .  The  interesting  point  Is  that 
with  the  temperature  maintained  exactly  at  65  deg. 
from  that  Use  there  is  a  time  constant  of 
approximately  120  days  with  all  three  oscillators 
that  appears  to  be  returning  to  the  sane  aging  rate 
as  observed  before  the  temperature  was  reset.  One  of 
the  primary  problems  with  both  this  data  and  that 
taken  on  the  oscillators  fabricated  with  fat  devices 
is  that  the  turnover  temperature  of  the  oscillators 
was  not  the  same  aa  that  of  the  test  thereby 
producing  an  error  term  in  the  data  that  la  very 
sensitive  to  the  ambient  conditions  of  the  chamber. 
In  the  case  of  the  bipolar  circuit  the  oscillators 
turned  over  at  approximately  0  to  +10  degrees  C  . 
With  the  quadratic  nature  of  the  temperature 
characteristics  and  with  the  oscillators  operating 
at  65  deg.  C  they  have  a  frequency  to  temperature 
sensitivity  of  approximately  1.5  KHa  per  deg  C  at 
this  point.  The  FET  oscillators  were  under  test  for 
a  year,  with  two  unita  completing  the  period.  The 
third  unit  was  taken  off  of  teat  and  dissected  to 
see  if  any  visual  degradation  oould  he  observed  in 


408 


■» 


the  resonator  due  to  the  elevated  temperatures  and 
power  being  dissipated  in  the  device.  None  of  these 
effects  were  observed.  Figure  tl  shows  the  data  for 
the  three  FET  oscillators  of  Figure  9.  One 
oscillator  has  a  jump  in  the  frequency  whioh  is  due 
to  the  circuit  physically  falling  over  in  the  test 
chamber  and  talcing  a  fixed  offset  at  that  point. 
None  of  the  data  has  been  adjusted  for  perturbations 
incurred  during  the  tests.  There  were  no  special 
precautions  taken  during  the  processing  of  these 
devices  to  insure  ideal  aging  conditions  in  the 
packages. 

Conclusions 


SAWR  oscillators  can  be  designed  to  allow  for 
frequency  adjustability  that  can  compensate  for  a 
wide  frequency  tolerance  in  center  frequency.  This 
allows  for  low  cost,  high  volume  production  of  these 
devices  for  a  commercial  market  where  ultra  high 
stability  is  required.  It  has  been  observed  that  the 
type  of  circuit  designed  for  these  devices  can  have 
a  significant  bearing  on  the  overall  frequency 
versus  temperature  characteristics  of  the  circuit. 
The  temperature  characteristics  of  any  one  circuit 
is  normally  very  well  behaved  and  can  provide 
adequate  stability  for  most  commercial  applications 
such  as  set  top  convertors  for  television  receivers. 
The  aging  rates  observed  in  the  various  circuits 
appear  to  be  different  in  characteristic  shape ,  but 

due  to  the  uncertainties  involved  in  the  tests  with 
temperature  a  conclusive  statement  is  not  possible. 
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I  The  long-tern  frequency  stability  of  SAW  oscil¬ 
lators  Is  of  considerable  importance  to  many  applica¬ 
tions.  Therefore,  extensive  work  has  been  done  to 
understand  and  reduce  the  observed  changes  in  frequency 
of  SAW  oscillators  which  occur  over  periods  of  time 
ranging  from  days  to  years.  With  Improvements  In  the 
fabrication  and  packaging  of  SAW  devices,  the 
systematic  long-term  frequency  drift  has  been  reduced 
to  a  level  where  19  out  of  23  oscillators  have  drifted 
less  than  2  ppm  after  1  year.  However,  with  the 
reduced  systematic  drift,  It  has  become  apparent  that 
there  Is  a  significant  level  of  random  frequency  fluc¬ 
tuations  occurring  with  periods  ranging  up  to  months 
and  years.  A  typical  delay  line  oscillator  may  show  a 
systematic  drift  of  1  ppm  in  a  year  and  an  rms  devi¬ 
ation  of  0.3  ppm.  The  value  of  the  systematic  drift 
might  lead  one  to  expect  a  week-to-week  stability  of 
2  x  I ,  but  the  random  fluctuations  make  week,-to-week 
changes  of  1  to  2  x  TO- ^  a  common  occurrence.^— 

7  "A  , 

/  J!  ,,  ,  / 

To  determine  the  nature  of  the  observed  long 
period  random  fluctuation,  a  spectral  analysis  of  aging 
data  from  45  oscillators  (mostly  delay  lines)  has  been 
carried  out  using  a  Fast  Fourier  Transform  technique. 
The  exponents  of  the  calculated  frequency  power  spec¬ 
tral  densities  have  a  distribution  that  peaks  at  -1.5 
and  80Z  of  the  values  fall  within  the  range  of  -1.4  to 
-2.2.  Since  the  power  spectral  density  of  a  random 
walk  process  has  an  exponent  equal  to  -2.0,  it  Is  clear 
that  the  observed  frequency  fluctuations  are  a  close 
approximation  to  a  random  walk.  From  the  FFT  calcula¬ 
tions  and  other  noise  measurement  techniques,  the  FM 
noise  power  spectrum  has  been  determined  for  two  delay 


line  oscillators  for  noise  frequencies  from  1.5  x 
10~8  Hz  to  4  x  i07  Hz.  From  1.5  x  10-8  Hz  to  approxi¬ 
mately  10-8  Hz  the  exponent  is  close  to  -2.0  (-4.0  for 
phase  noise)  and  consequently  represents  a  random  walk 
in  frequency.  From  10“8  Hz  to  approximately  10*  Hz  the 
exponent  is  close  to  -1.0  (-3.0  for  phase  noise)  which 
corresponds  to  the  familiar  1/f  or  'flicker"  noise. 
Beyond  10*  Hz  are  the  usual  white  frequency  and  white 
phase  regions. 


Introduction 


The  long-term  frequency  stability  of  SAW  con¬ 
trolled  oscillators  Is  of  considerable  Importance  to 
many  applications  where  the  ultimate  In  frequency 
stability  is  desired.  As  a  result,  there  has  been  a 
significant  effort,  In  a  number  of  laboratories, 
directed  toward  understanding  and  reducing  the  causes 
for  frequency  changes  that  occur  over  time  periods 
ranging  from  days  to  years.  With  Improvements  In 
device  fabrication  and  packaging,  the  systematic  long¬ 
term  frequency  drift  of  SAW  oscillators  fabricated  In 
our  laboratory  has  been  reduced  to  the  level  where  19 
out  of  23  oscillators  have  exhibited  a  frequency  drift 
of  less  than  2  ppm  after  1  year.  1  Efforts  In  the 
reduction  of  systematic  drift  are  continuing  and  there 
Is  evidence  that  a  total  frequency  drift  of  well  under 
1  ppm  after  the  first  year  Is  not  an  unreasonable 
expectation.  However,  with  reduced  systematic  drift. 
It  has  become  apparent  that  there  is  a  significant 
level  of  random  frequency  fluctuations  occurring  with 
periods  ranging  up  to  months  and  years.  Figure  1 
Illustrates  this  point  with  aging  data  from  four 
400-MHz  delay  line  SAW  oscillators.  All  four  curves 
show  some  level  of  systematic  upward  frequency  drift. 
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Figure  1.  Typical  aging  data  from  four  400  MHz  delay  line  oscillators  sealed  In  cold-weld  TO  -8  packages 
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but  all  four  also  show  significant  levels  of  random 
frequency  fluctuations.  The  lower  solid  curve  clearly 
demonstrates  the  Importance  of  these  random  fluctu¬ 
ations.  After  more  than  120  weeks  of  operation,  this 
device  has  drifted  less  than  O.S  ppm.  This  Information 
alone  might  lead  one  to  expect  a  week-to-week  stability 
of  4  x  10~9.  However,  the  rms  deviation  from  the 
systematic  drift  for  this  device  Is  actually  0.1  ppm. 
Thus,  week-to-week  variations  on  the  order  to  1  x  10"  2 
are  not  unusual.  At  this  point.  It  is  Important  to 
make  clear  that  there  Is  no  experimental  evidence  to 
Indicate  any  connection  between  the  systematic  drift 
and  the  random  frequency  fluctuations. 

Initially  it  was  thought  that  the  random  frequency 
fluctuations  In  the  aging  data  were  caused  by  tempera¬ 
ture  fluctuations  In  the  environmental  chamber  where 
the  aging  test  was  being  conducted.  This  chamber 
exhibits  rms  temperature  fluctuations  of  approximately 
0.25°C  at  30*0.  However,  about  2  years  ago,  a  new  type 
of  oven  was  added  to  the  aging  facilities  and  these 
ovens  provide  a  rms  temperature  stability  better  than 
0.04°C  at  550C.  Now  that  aging  data  Is  available  on 
ten  400  MHz  delay  line  oscillators  operated  In  these 
ovens.  It  has  become  clear  that  temperature  fluctua¬ 
tions  are  not  causing  the  observed  frequency  fluctua¬ 
tions.  The  upper  solid  curve  In  Figure  1  shows  the 
long-term  frequency  drift  for  one  of  the  oscillators  in 
the  55*0  ovens.  The  magnitude  of  the  observed  random 
fluctuations  In  frequency  for  this  curve  Is  essentially 
the  same  as  for  the  other  three  curves ,  which  are  from 
oscillators  In  the  30°C  chamber.  In  fact,  the  average 
value  for  the  rms  frequency  fluctuations  Is  equal  for 
devices  In  both  types  of  chambers  and  is  0. 3  ppm. 


Spectral  Analysis 

Previous  noise  measurements  on  SAW  oscillators2 
have  shown  that  l/f  frequency  fluctuations  are  present 
In  the  range  of  0. 1  Hz  to  HP  Hz  and  that  typical  rms 
fractional  frequency  deviations  are  on  the  order  of 
10" *0  to  10"9.  (l/f  frequency  fluctuations  correspond 
to  phase  noise  with  a  1/f^  spectral  density.)  Calcula¬ 
tions  baaed  on  equations  from  Kef.  3  have  shown  that  If 
this  l/f  noise  spectrum  continues  all  the  way  down  to 
frequencies  of  10~®  Hz  (~  3  years),  it  could  not  give 
fluctuations  In  aging  data  any  larger  than  about  4  x 
10".  Therefore,  there  must  be  a  different  noise 
mechanism  present  at  very  low  modulation  frequencies. 

To  determine  the  nature  of  this  noise  process ,  a  spec¬ 
tral  analysis  of  the  aging  data  from  45  oscillators 
(43  delay  lines  and  2  resonators)  has  been  carried  out 
using  a  Fast  Fourier  Transform  (FFT)  technique . 

The  first  step  In  performing  the  spectral  analysis 
was  to  remove  the  systematic  drift  that  Is  clearly 
present  In  some  of  the  aging  data.  Rather  than  fitting 
the  aging  data  to  an  arbitrary  polynomial  equation, 
three  equations  where  chosen  that  have  some  physical 
basis  for  aging  mechanisms.1*  These  are: 

tf/F  -  A  log  (Bt+l)  (1) 

AT/F  -  A  (1  -  e**)  (2) 

a/t  -  a  (t)B  (3) 

where  A  and  B  are  fit  parameters  and  t  Is  time.  Out  of 
the  45  aging  curves  that  were  analysed,  25  required  the 
removal  of  systematic  drift.  This  was  accomplished  by 
subtracting  from  the  aging  data  calculated  values 
derived  from  the  equation  that  gave  the  best  fit.  Eq. 
(1)  gave  the  best  fit  In  36X  of  the  cases,  Eq.  (2)  In 
32Z  and  lq.  (3)  In  32Z.  Even  after  removal  of  the 
systematic  drift,  all  of  the  curves  had  to  be  weighted 


with  a  cosine  taper  In  the  first  and  last  10X  of  the 
data  points  In  order  to  reduce  leakage.5 

The  aging  data  for  an  oscillator  consists  of  up  to 
130  points,  each  representing  the  average  fractional 
deviation  (in  ppm)  from  the  start  frequency  for  1  week. 
One  hundred  and  thirty  Is  a  relatively  small  number  of 
points  to  perform  an  FFT  on,  so  a  preliminary  evalu¬ 
ation  was  done  on  computer  generated  data.  Using  a 
psuedo  random  number  generator,  artificial  aging  data 
corresponding  to  a  one-dimensional  random  walk  was 
generated  by  plotting  the  sum  of  the  random  numbers  as 
a  function  of  time.  Such  a  random  walk  process  has  a 
power  spectral  density  proportional  to  l/f2  where  f  Is 
the  Fourier  frequency.  The  computer-generated  curves 
had  100  steps  and  90  different  curves  were  analyzed 
after  suitable  cosine  weighting.  Figure  2  shows  the 
distribution  of  calculated  exponent  values  for  the 
power  spectral  density.  As  expected,  the  distribution 
peaks  around  2,  but  the  relatively  small  number  of 
points  In  each  curve  has  caused  the  distribution  to 
broaden.  The  values  of  the  calculated  exponents  range 
from  1.4  to  2.6. 
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M8TMBUTIOM  OF  EXPONENT  VALUES 
Computer  Generated  Random  Walk  (100  Steps) 


Figure  2.  Distribution  of  calculated  exponent  values 

for  90  computer  generated  curves  of  100  step 
random  walks. 


With  confidence  that  100  points  were  enough  to 
give  reasonably  accurate  values  for  the  exponent  of  the 
power  spectral  density,  FFT  analysis  of  aging  curves 
from  45  SAW  oscillators  was  carried  out.  Figure  3 
shows  the  distribution  of  the  calculated  exponent 
values.  Though  the  peak  of  the  distribution  lies  at 
1.5,  nearly  8 OX  of  the  values  lie  between  1.4  and  2.2. 
Thus ,  it  appears  that  the  observed  frequency  fluctua¬ 
tions  for  most  of  the  oscillators  are  a  close  approxi¬ 
mation  to  a  random  walk  process.  (For  a  power  spectral 
density  of  frequency  fluctuations  which  varies  as  l/f2, 
the  corresponding  power  spectral  density  for  phase 
fluctuations  varies  as  l/f*.)  It  la  interesting  to 
note  that  there  also  appears  to  be  a  distinct,  but 
smaller,  peak  near  the  value  1.  this  indicates  that  a 
small  fraction  of  tha  oscillators  may  have  a  l/f  power 
spectrum  at  very  low  frequencies,  although  the  level 
must  be  higher  than  what  would  be  obtained  by  extrapo¬ 
lating  from  measured  l/f  levels  in  the  0,1  Hz  to  HP  Is 
range. 
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Figure  3.  Distribution  of  calculated  exponent  values 
for  the  FM  power  spectral  density  of  45  SAW 
oscillators.  The  blocks  marked  with  an  X 
represent  oscillators  In  the  more  stable 
ovens . 

The  boxes  In  Figure  3  which  are  marked  with  an  X 
represent  the  ten  oscillators  which  were  aged  In  the 
55°C  ovens  with  the  Improved  temperature  stability. 

The  calculated  exponent  values  for  these  oscillators 
are  more  evenly  distributed  around  2  than  the  values 
for  all  of  the  other  oscillators  In  the  less  stable 
chamber.  Though  we  noted  earlier  that  the  ras  devia¬ 
tions  for  oscillators  In  the  two  chambers  were 
essentially  the  same.  It  does  appear  from  the  calcu¬ 
lated  values  of  the  exponents  that  some  whitening  of 
the  power  spectral  density  Is  occurring  In  the  less 
stable  chamber. 

In  addition  to  the  exponent  values  shown  In 
Figure  3,  the  FFT  analysis  also  yields  the  magnitude  of 
the  power  spectral  density.  This  Information  In  con¬ 
junction  with  other  noise  measurement  techniques  has 
made  it  possible  to  evaluate  the  noise  power  spectral 
density  for  SAW  oscillators  from  1.5  x  10~®  Hz  to  4  x 
10*  Hz.  This  complete  analysis  has  been  performed  on 
two  400  MHz  delay  line  oscillators  and  Figure  4  shows 
the  results  for  one  of  them.  (The  other  one  la  not 
shown  since  the  results  are  nearly  Identical.)  In 
Figure  4  the  log  of  the  power  spectral  density  of  fre¬ 
quency  fluctuations  for  a  1  Hz  bandwidth  Is  plotted  as 
a  function  of  the  Fourier  (or  modulation)  frequency. 

In  region  1,  the  data  Is  from  the  spectral  analysis  of 
aging  data.  In  region  2,  the  same  FFT  analysis  was 
perfonaed  on  several  1100  point  data  sets  acquired  with 
an  HP  5345A  electronic  counter  (with  5358A  measurement 
storage)  for  gate  times  ranging  from  5  sec  to  200  sec. 
In  region  3  the  same  electronic  counter  was  used  but 
the  data  was  acquired  and  evaluated  via  the  Hadamard 
variance.6  In  region  4  an  analog  phase  locked  loop 
technique  was  used.  The  dashed  portion  of  the  curve 
from  3  x  105  Hz  to  4  »  10?  Hz  represents  data  acquired 
from  another  but  similar  oscillator.  This  region  of 
the  spectrum  Is  well  understood  and  the  extrapolation 
Is  made  with  considerable  confidence. 

The  data  In  Figure  4  shows  that  from  1.5  x  10"®  Hz 
to  1  x  10"  3  Hz  the  noise  decreases  as  1/f  2  and  there¬ 
fore  corresponds  to  a  random  walk  In  frequency.  From 
10"3  Hz  to  beyond  104  Hz  the  noise  decreases  as  1/f  and 
therefore  corresponds  to  the  familiar  "flicker"  noise. 
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Figure  4.  Power  spectral  density  of  frequency 

fluctuations  for  a  400  MHz  SAW  delay  line 
oscillator.  Region  1-FFT  of  aging  data; 
Region  2  -  FFT  of  1100  point  data  sets; 
Region  3  -  Hadamard  variance; 

Region  4  -  Phase  locked  loop. 


Because  the  flicker  noise  level  Is  fairly  high  on  this 
device,  there  Is  essentially  no  region  of  white  fre¬ 
quency  noise.  Beyond  105  Hz  there  is  white  phase  noise 
By  using  the  relation 

<a*,2  =  imi!  (4) 

fm 

the  power  spectral  density  of  frequency  fluctuations 
shown  In  Figure  4  can  be  translated  Into  the  power 
spectral  density  of  phase  fluctuations.  Figure  5 
shows  the  same  data  as  used  In  Figure  4,  but  trans¬ 
lated  Into  phase  fluctuations  by  using  Eq.  (4).  In  the 
regions  of  the  curve  where  10  Log  (ApV2)  Is  nega¬ 
tive,  the  data  corresponds  to  the  familiar  single 
sideband  noise  to  carrier  ratio  (in  dBc).  Note  that 
the  1/f  2  section  of  Figure  4  translates  Into  a  1/f4 
section  In  Figure  5  and  that  the  1/f  section  becomes 
1/f3. 

Another  significant  observation  made  during  the 
course  of  this  Investigation  was  that  there  may  be  a 
correlation  between  the  noise  at  very  low  frequencies 
and  the  1/f  noise  at  higher  frequencies.  This  Is 
Illustrated  In  Figure  6.  On  the  horizontal  axla  the 
measured  phase  noise  level  at  1  Hz  (Indicated  aa  Nf) 
which  Is  In  the  flicker  noise  region.  Is  plotted  for 
each  of  41  oscillators.  In  the  vertical  direction, 
the  corresponding  phase  noise  level  at  10~7  Ha  Is 
plotted  (Indicated  as  Ng).  The  latter  will  be  re¬ 
ferred  to  sa  aging  noise  and  for  most  of  the  devices 
this  Is  representative  of  a  random  walk  process. 

Normal  delav  line-type  oscillators  are  Indicated  bv 
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Figure  5.  Power  spectral  density  of  phase  noise  for  a 
400  MHz  SAW  delay  line  oscillator.  This 
curve  was  calculated  for  the  same  data  used 
in  Figure  4. 
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Figure  6.  Plot  of  phase  noise  levels  at  10~7  Hi  (N.) 

versus  phase  noise  at  1  Hi  (Nf)  for  41  SAW 
oscillators. 


solid  dots,  silicone-treated  delay  line  oscillators2 
are  represented  by  hollow  dots  and  the  two  resonators 
are  indicated  by  triangles.  In  general,  there  is  con¬ 
siderable  scatter  from  device  to  device,  but  several 
characteristics  are  evident.  In  the  flicker  noise 
region  the  resonators  are  definitely  the  quietest  de¬ 
vices.  Interestingly,  they  are  also  the  quietest  in 
the  aging  noise  region.  The  silicone-treated  delay 
lines  are  also  quieter  than  normal  delay  lines  in  the 
flicker  noise  region  but  not  as  quiet  as  the  resonators 
In  the  aging  noise  region  the  treated  delay  lines  also 
appear  to  be  quieter  than  the  normal  delay  lines,  but 
the  small  number  of  treated  devices  and  the  large 
scatter  present  makes  it  difficult  to  be  definite. 
Though  the  data  in  Figure  6  is  not  yet  conclusive,  it 
does  appear  that  there  may  very  well  be  a  correlation 
between  flicker  noise  and  aging  noise. 

To  illustrate  the  effect  of  lower  aging  noise, 
three  aging  curves  have  been  plotted  in  Figure  7.  The 
top  curve  is  for  a  resonator,  the  middle  curve  is  for  a 
silicone-treated  delay  line  and  the  bottom  curve  is  for 
a  normal  untreated  delay  line.  Ignoring  the  differ¬ 
ences  in  systematic  drift,  the  lower  levels  of  the 
random  fluctuations  in  the  resonator  and  the  treated 
delay  line  are  clearly  visible.  It  is  also  interesting 
to  note  that  the  level  of  fluctuations  with  periods  on 
the  order  of  several  weeks  tends  to  decrease  with  time. 
A  similar  decrease  has  also  been  observed  in  the 
flicker  noise. 
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Figure  7.  Aging  curves  for  a  SAW  resonator,  a  silicone 
treated  SAW  delay  line,  and  an  untreated  SAW 
delay  line. 

At  very  low  frequencies  a  1/f2  (random  walk) 
dependence  has  also  been  observed  on  bulkwave 
resonators  ' ,  and  the  source  was  identified  as  tempera¬ 
ture  fluctuations.  This  is  not  the  case  with  the  SAW 
osclllstors  in  the  present  study  because,  as  mentioned 
earlier,  aeclllatore  in  two  ovens  with  very  different 
levels  of  rms  temperature  fluctuations  exhibited  the 
sane  level  of  frequency  fluctuations  (0.3  ppm).  Fur¬ 
thermore,  two  resonators  with  the  same  temperature  de¬ 
pendence  as  the  delay  lines  showed  a  much  emmller  rms 
frequency  fluctuation  of  0.03  ppm  even  though  they  warn 
in  the  chamber  with  the  larger  temperature  fluctuations. 
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Conclusion; 

Though  the  investigation  of  very  long  period  ran¬ 
dom  frequency  fluctuation  In  SAW  oscillators  has  just 
begun,  there  are  several  conclusions  that  can  be  drawn. 
One  Is  that.  In  nost  delay  line  oscillators,  the  very 
low  frequency  fluctuations  are  a  close  approximation 
to  a  randon  walk  In  frequency.  Second,  the  aging 
noise  is  lower  In  resonator  oscillators  than  delay  line 
oscillators,  and  therefore,  excluding  differences  In 
systenatlc  long-term  stability,  the  resonator  la  the 
preferred  choice  where  ultimate  long-term  stability  is 
desired.  (There  la  Insufficient  data  available  at  this 
time  to  state  with  certainty  whether  resonators  exhibit 
a  random  walk  at  very  low  frequencies.)  Finally,  since 
the  aging  noise  process  extends  all  the  way  to  fre¬ 
quencies  on  the  order  of  10~3  Hi,  It  Is  a  relatively 
easy  task  to  measure  the  aging  noise  level  over  a 
period  of  1  to  2  days.  This  makes  It  possible  to 
evaluate  relative  levels  of  random  fluctuations  In 
long-term  stability  without  waiting  weeks  or  months. 

The  fundamental  question  that  remains  to  be 
answered,  however,  relates  to  the  source  of  the  noise. 
At  this  point.  It  Is  not  clear  whether  the  SAW  device 
is  the  source  or  whether  it  Is  some  other  component  In 
the  oscillator.  It  is  known  that  the  SAW  device  Is  the 
source  of  flicker  noise  In  delay  line  oscillators2  and, 
therefore,  any  correlation  between  flicker  noise  and 
aging  noise  would  be  significant. 
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ABSTRACT 

^7  It  is  known  that  the  propagation  characteristics  of  elastic 
'waves  are  influenced  by  the  nature  of  biasing  stress  distributions 
in  the  propagating  medium.  A  knowledge  of  the  magnitude  of 
such  effects  plays  an  important  role  in  improving  the 
performance  and  long  term  aging  characteristics  of  SAW  devices. 
Generally,  SAW  devices  employ  thin  plate-like  structures  as  the 
propagating  medium  of  surface  waves.  The  biasing  deformation 
of  such  structures  due  to  externally  applied  forces  can  be 
decomposed  into  extensional  and  flexural  deformations  which 
can  have  substantially  different  effects  on  the  change  in  the  time 
delay  between  two  observation  points.  This  paper  describes  a 
study  of  the  fractional  change  in  the  time  delay  of  surface  waves 
due  to  the  stress  components  in  terms  of  which  a  general 
deformation  can  be  expressed.  The  information  on  the  biasing 
state  of  thin  discs  has  been  employed  in  a  previously  reported 
perturbation  procedure  for  equations  of  motipn  for  small 
dynamic  fields  superposed  on  a  static  bias.^Coaputational 
results  have  been  obtained  for  fractional  changbs  in  the  time 
delay  of  surface  waves  in  crystalline  quartz  of  various 
orientations  and  propagation  directions  due  to  many  simple 
stress  systems  in  thin  discs.  We  have  considered  the  cases  of 
flexural  deformation  of  rectangular  plates  due  to  cylindrical 
bending  and  discs  subjected  to  normal  pressures,  as  well  as 
extensional  deformation  due  to  a  pair  of  forces  acting 
diametrically  on  a  circular  disc  along  various  azimuthal  angles. 
Experimental  results  have  been  obtained  for  the  moment- 
frequency  effect  on  circular  ST-cut  quartz  discs  and  the  force- 
frequency  effects  on  both  singly,  as  well  as  doubly  routed  quartz 
discs.  Good  agreement  has  been  obuined  between  the 
theoretical  predictions  and  experimental  measurements. 


INTRODUCTION 

There  are  various  sources  of  biasing  stresses  in  the 
propagating  medium  of  Surface  Acoustic  Wave  (SAW)  devices. 
The  influence  of  such  stresses  on  the  propagation  characteristics 
of  surface  waves  can  significantly  affect  the  performance  and  long 
term  aging  of  high  precision  quartz  devices1'14.  For  instance,  it 
is  known  that  sawing,  lapping  and  mechanical  polishing  processes 
produce  a  damaged  surface  layer  of  thickness  approximately  SO 
to  100  A  with  crystalline  imperfection  and  large  intrinsic  surface 
stresses.  The  relaxation  of  such  stresses  with  time  is  responsible 
for  some  of  the  drift  in  device  characteristics.  Other  sources  of 
such  stresses  are  the  intrinsic  and  electrode  induced  thermal 
stresses,  mounting  and  acceleration  stresses  as  well  as  stresses 
resulting  from  tbs  externally  applied  forces  and  pressures.  While 
most  of  the  application*  of  high  precision  quartz  resonators  in 
frequency  control  and  signal  processing  systems  requite  those 


orientations  and  propagation  directions  which  are  largely 
insensitive  to  both  temperature  and  stress  induced  effects,  there 
are  also  applications  of  quartz  resonators  in  the  development  of 
sensors  where  one  seeks  to  work  with  those  orientations  which 
have  large  sensitivity  to  the  stresses  produced  by  the  externally 
applied  load.  In  addition,  a  general  study  of  stress  induced 
effects  on  the  propagation  of  elastic  waves  is  of  central 
importance  in  the  area  of  non-destructive  testing  of  structural 
materials.  In  particular,  stress  induced  frequency  shifts  can  also 
be  employed  to  estimate  the  magnitude  of  intrinsic,  surface 
stresses  and  thereby  characterize  the  fabrication  process. 

In  this  paper  we  describe  some  analytical  and  experimental 
results  on  the  stress  induced  effects  on  the  propagation  of 
piezoelectric  surface  waves  in  crystalline  quartz.  The  analysis  is 
based  on  the  equations  of  motion  for  small  dynamic  fields 
superposed  on  a  linear,  static  bias  which  have  been  derived  from 
the  rotationaily  invariant  equations  of  nonlinear  elasticity.  When 
the  solid  is  subject  to  a  homogeneous  bias,  the  equations  of 
motion  and  boundary  conditions  can  be  solved  in  the  usual 
manner  after  replacing  the  linear  constants  with  the  effective 
elastic  constants  referred  to  the  reference  (undeformed) 
configuration  of  the  solid.  However,  when  the  biasing  state  is 
inhomogeneous  as  is  the  case  with  flexural  deformation  of  thin 
plates,  the  effective  elastic  constants  are  position  dependent  and 
a  direct  solution  of  the  boundary  value  problem  is  not  possible. 
In  the  latter  case,  a  perturbation  procedure  can  readily  treat 
spatially  varying  states  and  small  changes  in  the  time  delay  of 
surface  waves  between  two  observation  points. 

We  have  considered  extensional  and  flexural  deformations  of 
thin  plates.  Any  stress  distribution  through  the  thickness  of  the 
plate  can  be  expressed  in  terms  of  such  symmetric  and  anti¬ 
symmetric  deformations.  Computational  results  for  the 
fractional  change  in  frequency  of  SAW  resonators  on  thin, 
circular  discs  subjected  to  a  pair  of  diametrical  forces  acting  at 
various  azimuthal  angles  have  been  compared  with  experimental 
values  obtained  for  Y-cut,  ST-cut  and  a  doubly-routed  cut  of 
quartz.  Good  agreement  has  been  obtained  between  the 
theoretical  predictions  and  experimental  measurements.  The 
influence  of  flexural  deformation  of  thin  plates  due  to  cylindrical 
bending  along  and  normal  to  the  propagation  direction  of  surface 
waves  on  the  fractional  change  in  the  time  delay  has  been 
analytically  studied  for  several  orientations  of  quartz.  The 
experimental  set  up  for  this  case  consists  of  a  thin,  circular  disc 
of  ST-cut  quartz,  subjected  to  a  radial  moment  along  its 
periphery  which  produces  a  bi-axial  stress  state  at  the  surface  of 
the  disc  where  the  SAW  resonator  is  placed.  The 
aforementioned  bending  stress  components  are  along  and  normal 
to  the  propagation  direction  of  surface  waves.  The  total  shift  in 
the  SAW  resonator  frequency  is  obtained  by  a  linear  of 
superposition  of  results  due  to  the  two  cylindrical  handing 
deformations  considered  separately.  Again  the  agreement  with 
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where 


Ki0’  -  R.S- 1,3,5, 


(2) 


FIGURE  1  ■  Schematic  diagram  of  a  thin  circular  dice 
with  a  SAW  delay  lime  (or  reeonator)  subjected  to  a  pair  of 
diametrical  force a  acting  at  an  azimuthal  angle 

the  experimental  results  from  two  SAW  devices  on  ST-cut 
quartz  is  good  and  the  principle  of  linear  superposition  of  results 
due  to  different  linear  biasing  states  is  validated. 

STRESS  INDUCED  FREQUENCY  SHIFTS 
IN  SAW  DEVICES 

When  a  surface  acoustic  wave  delay  line  in  the  form  of  a 
plate-like  structure  is  subject  to  an  externally  applied  load  or 
pressure,  the  wave  travel  time  generally  changes  as  a  result  of 
pressure  (stress)  induced  changes  in  the  path  length,  elastic 
stiffnesses  and  mass  density  of  the  propagating  medium.  Most 
of  the  elastic  deformations  of  thin,  anisotropic  plates  can  be 
described  in  terms  of  extensional  and  flexural  deformations  of 
such  plates. 

Extension*]  Stresses  in  Thin  Plates 

A  schematic  diagram  of  a  circular  plate  subject  to  a  pair  of 
diametrical  forces  is  shown  in  Figure  1.  The  change  in  the 
resonant  frequency  can  be  computed  from  the  perturbation 
equation  discussed  in  the  next  Section  provided  the  biasing  state 
and  eigensolution  for  the  piezoelectric  surface  waves  are  known. 
In  the  case  of  isotropic  plates,  the  stresses  at  the  center  of  the 
plate  can  be  obtained  from  the  solution  of  biharmonic  equation 
in  the  Airy’s  stress  function.  The  magnitude  of  such  stresses  at 
the  center  due  to  a  pair  of  diametrical  forces  acting  along  the 
X|-axis  is  given  by 

where  T|(,  T3j  and  Tu  are  the  compressive,  tensile  and  shear 
stress  components,  respectively;  F  is  the  magnitude  of  force,  h 
and  D  are  the  thickness  and  diameter  of  the  disc,  respectively. 

The  appropriate  plane  stress  constitutive  relations  for  thin 
plates  under  extensional  loading  are  given  by7-* 


Vrs  “  ®*s  -  cttwcwl'cvs>  W,V-  2,4,6,  (3) 

and  the  compressed  matrix  notation  for  stresses  Kj[0>  and  strains 
E$0>,  have  been  employed.  This  implies  that 

(K)<»»,Kjto»,K^')s(T1„T3JT„).  . 

and 

(E|to)  Ej0»,E^*)=(E„,EM,E,j).  (4) 

The  yRS  are  Voigt's  anisotropic  plate  elastic  constants  for 
generalized  plane  stress  conditions.  Since  the  normal  stress 
components  are  set  equal  to  zero,  the  corresponding  strain 
components  are  given  by 

EJ5"  -  -CwlcvsEjS01.  (5) 

It  is  known  that  the  solution  to  a  boundary-value  problem  in 
static  linear  elasticity  is  unique  only  to  within  a  static, 
homogeneous,  infinitesimal  rigid  (body)  rotation.  Furthermore, 
it  has  been  shown7  that  a  homogeneous  infinitesimal  three- 
dimensional  rotation  does  not  induce  any  change  in  the  time 
delay  of  elastic  waves  in  a  propagating  medium  subject  to  a 
homogeneous  bias.  For  the  case  of  extensional  deformation  due 
to  a  pair  of  diametrical  forces,  we  have  assumed  that  the  SAW 
device  is  occupying  a  region  of  homogeneous  stress  bias. 

Therefore,  without  any  loss  in  generality,  we  select  the 
homogeneous  rigid  rotation  to  vanish  which  yields 

« XL  “  J<wk.l  “  wL.K)  -  0.  (6) 

Under  the  aforementioned  condition,  the  biasing  displacement 
gradients  are  simply  given  by 

»l.k  ”  Erl-  (7) 

Flexural  Stresses  in  Thin  Plates 

For  flexural  deformation  of  anisotropic  plates  (Figure  2),  the 
constitutive  relations  between  the  components  of  bending 
moment  and  curvature  are  given  by5 

K-a  ’  -  l^rasEs"’.  R,S- 1,3.5,  (8) 

where  2h  is  the  thickness  of  the  plate,  K^"  and  E,(u  are  planar 
components  of  moments  and  curvatures  and  are  defined  by 

<K/»  -  j*Zj(T|i,T3j,T|J)dZj, 

-h 
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FIGURE  I  -  Schematic  diagram  of  a  Mm  rectangular  phute 
with  a  SAW  delay  Urn  far  reoemmtor)  oakfoeted  to  a  pat * 
heading  moment  along  a  patroftteodgoo. 
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and 


notation. 


-  -  (»#■.»&.«£&).  (9) 

Since  we  allow  for  the  free  normal  and  shear  components  of 
strain  along  the  thickness  direction,  the  first  order  stress 
resultants 

<K^>,K2(*>,K4">)  s  j*z2(T21,T22,T23>dx2,  (10) 

-h 

are  allowed  to  vanish  and  we  can  solve  for  the  corresponding 
strains  which  are  given  by 

Ei'>  -  -cJcv,E,u),  w.v- 2,4,6,  (11) 

where  compressed  matrix  notation  has  been  employed. 


The  three-dimensional  strain  field  in  this  case  of  anisotropic 
flexure  considered  here,  is  given  by 

Ekl  -  «jEtf.  (12) 

and  the  associated  three-dimensional  displacement  field  wK  has 
the  form 

wA  —  z2wA'\  W2  -  w2,0'+zfw2<2>.  (13) 

For  restrained  motion  normal  to  the  length  of  the  plate  the 
three-dimensional  displacement  gradient  field  resulting  from  the 
flexural  loading  is  given  by 

w,  ,  -  z2E,m,  w,  2  -  z1E1,"+z2E(!",  wkj-0,  (14) 
":.i  -  w2  2  -  z2E2n,  w3 ,  -  0,  (15) 


w3  2  -  z2E^‘,  (16) 

where 

E,"'  -  (17) 

2hJy  1 1 

and  M  is  the  bending  moment  per  unit  width  of  the  plate. 
Equation  (15),  has  appropriately  accounted  for  the  vanishing  of 
the  slope  of  the  deflection  curve  at  z,  -  0,  and  together  with  Eq. 
()4)2  results  in  zero  lowest  order  vertical  shearing  strain.  The 

corresponding  stresses  are,  respectively,  given  by 

(TM.TJ3,T3I>  -  (yii,7)iO'5i)W|'|.  (18) 


For  traction  (stress)  free  conditions  normal  to  the  length  of  the 
plate,  the  three-dimensional  displacement  gradient  field  resulting 
from  the  flexural  loading  is  given  by 


»u-*jE /".  wu  -  z)E)"'+zJEi", 
"t.i  -  -*|E|(,\  w2  2  -  z2E2(u.  w2  3  -  0, 
"j.i  -  0,  w3,2  -  z2E4<", 


WU” 


<r3trsi  ~  ys3y?t> 

<1’33'>'5J-r35')’53>  '  " 


*3.3 


(TSSy3|-T3STSI> 
<>33>SS— X33>'S3>  ,l’ 


(19) 

(20) 
(21) 

(22) 

(23) 


where  y's  are  defined  Eq.  (3).  The  flexural  stress  T,,,  under 
these  conditions  is  given  by 


T||-j>u+ 


ri3<r3ir5i-rs3y3t>  +  >is(ys3>,3i~y33y3i> 
(ynVii~ystVii) 


(24) 


We  can  In  a  similar  manner,  obtain  the  biasing  stresses,  strains 
and  displacement  gradients  when  the  flexure  is  along  the  z3  - 
direction  which  is  normal  to  the  propagation  direction  of  surface 
warn.  The  corresponding  results  are  obtained  by  interchanging 
the  indices  3  and  1  throughout  In  the  expanded  ten  aortal 
notation  first,  and  then  reverting  beck  to  the  compressed 


PERTURBATION  PROCEDURE 


When  the  solid  is  subject  to  a  homogeneous  bias,  such  as  due 
to  a  uniform  change  in  its  temperature,  the  equations  of  motion 
and  boundary  conditions  in  terms  of  effective  elastic  constants 
can  be  solved  in  a  straight-forward  manner.  However,  when  the 
biasing  state  is  inhomogeneous  as  is  the  case  in  a  flexural 
deformation  or  non-uniform  temperature  distribution,  the 
effective  elastic  constants  are  position  dependent  and  a  direct 
solution  of  the  boundary  value  problem  is  not  possible.  In  the 
latter  case,  a  perturbation  procedure6  can  readily  treat  spatially 
varying  states  and  smalt  changes  in  the  elastic  wave  velocity  can 
be  calculated.  We  can  write  the  effective  elastic  constant6-1 
GLr0a  as  a  sum  of  the  ordinary  elastic  constants  cLy0<,  and  an 
additional  term  cLrQo  due  to  the  bias,  which  takes  the 
convenient  form 


O LyQci  *  c, yQ0  +  Cj^Q,, ,  (25) 

where 

CLyQo  “  Ti!q5>.<.  +  Cl>.Qi»AbEab  +  cL>PQwa.P  +  CLPQ<,  wy.P-  (26) 


In  Eq.  (26),  T^q,  Eab  and  w„  p  are  the  biasing  stress,  strain  and 
displacement  gradient  components,  respectively;  and  the 
coefficients  cLyMj  and  cLy0orAB  are  the  second  and  third  order 
elastic  constants,  respectively.  Since  we  are  interested  only  in 
the  first  perturbation  of  eigenvalue  which  has  numerous 
applications,  the  perturbation  equation  can  be  derived  in  a 
straight-forward  manner  by  assuming  the  existence  of  solutions 
in  both  the  unperturbed  and  a  nearby  perturbed  state.  The 
Piola-Kirchhoff  stress  equations  of  motion  in  the  presence  of  a 
bias  may  be  written  in  the  form6 

KU  +  KlYl-PoV  (27) 

where 

KL>..L  “  Ua.Q' 

K£t  “  CLvQa  U„  Q,  (28) 

and,  K£y  and  p„,  are  the  mechanical  perturbation  term  and  mass 
density  in  the  reference  state,  respectively.  A  harmonic, 
eigensohition  u™,  at  frequency  o,m  satisfies  the  equation  of 
motion  (27)  in  the  absence  of  any  perturbation  terms,  whereas 
the  solution  uy  in  the  nearby  perturbed  state  satisfies  Eq.  (27). 
The  two  aforementioned  solutions  can  be  employed  to  form  the 
equation 

|[(k^.l  +  Pc  •£  <)uy 

-  |KjYi.  +  K£y.u  +  Pow2 ur]u™]dV0  -  0.  (29) 

The  small  perturbation  in  the  eigenfrequency  u  can  be  obtained 
from  Eq,  (29)  with  the  aid  of  Eqs.  (25-27),  and  the  divergence 
theorem  in  the  usual  manner.  The  resulting  equation  can  be 
expressed  in  the  form 

<“m  _  “2>  |  p0  U™  UydV„ 

-  /  Nl[k^ut"  -  Ktf“>|dS. 

+  ^KfrluymdV0.  (30) 

Since  the  perturbations  in  the  eigenvalue  and  eigenvector  are 
small,  ffte  second-  and  higher-order  terms  cut  he  neglected,  and 
the  first  perturbation  In  the  eigenfrequency  is  given  by 
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Am  "  HJ2tu„  ,  Am  -  <um  -  tt»,  (31) 

where  for  traction-free  surface  in  the  unperturbed  state,  we  have 
Hm  -  "  f  K £yiyX  dV0.  (32) 

In  obtaining  Eq.  (32)  we  have  employed  the  traction-free 
boundary  conditions  in  the  presence  of  the  bias  and  the 
orthonormal  eigensolution  gy  of  the  homogeneous  problem, 
which  is  defined  by 


Substitution  of  the  appropriate  constitutive  relation  Eq.  (4.4)  into 
(4.8)  yields 

Hm  -  -  j  cL>M,  g^g^L  dV0.  (34) 

It  has  been  shown  that  the  first  perturbation  in  phase  velocity 
and  wave  number  can  be  obtained  from  the  perturbation  in 
eigenfrequency.  The  relations  are 

AV  -  Am/*ra,  Af  -  Am/Vm,  (35) 

where 

AV  -  Vm  -  V  ,  A{  -  (m  -  f,  (36) 

and  Vm  and  are  the  unperturbed  phase  velocity  and  wave 
number,  respectively,  of  the  mth  eigensolution.  In  the  foregoing 
the  change  in  the  natural  velocity  of  elastic  waves  due  to  a 
biasing  state  at  a  constant  temperature  has  been  considered.  The 
solution  for  surface  waves  propagating  in  arbitrarily  anisotropic, 
piezoelectric  substrates  satisfies  the  differential  equations  and 
boundary  conditions  of  linear  piezoelectricity  for  piezoelectric 
surface  waves  and  may  be  written  in  the  form 

Uj  -  2  C,m,A/m,exp(i/3mfX2)exp[if  (X,— Vt)  ]. 

m-1 

0-  ic'm’A«l,,"exp(^mfX2)explif(X1-Vt)],  (37) 

m-l 

where  u;  and  4>  are  the  complex  representation  of  the  real 
mechanical  displacement  and  electric  potential,  respectively,  for 
propagation  in  the  natural  direction  X,  with  X2  normal  to  the 
surface  as  shown  in  Figure  2.  The  quantities  C(ml,  Aj<ml,  A«(ml 
and  pm  are  determined  numerically  for  traction-free  mechanical 
and  open-circuit  electrical  boundary  conditions.  The  normalized 
unperturbed  surface  wave  eigensolution  for  the  perturbation 
equation  is  obtained  form  Eq.  (33).  The  normalization  integral 
in  Eq.  (33)  takes  the  form 


ni  *  *  c,ralA.,mlC,",*AJ,n'' 


'^12 
f  m-ln-l 


OSm-fO 


where  the  *  denotes  complex  conjugate  and  N2  is,  of  course, 
real.  Computational  results  for  the  fractional  change  in  the 
resonant  frequency  of  SAW  oscillators  which  consist  of  a  circular 
disc  SAW  resonator  subject  to  a  pair  of  diametrical  in-plane 
forces  at  various  azimuthal  angles  have  been  obtained  and  are 
shown  in  Figures.  3,  4  and  5.  It  has  been  assumed  in  the 
present  calculations  that  the  stresses  at  the  center  of  the  disc  are 
uniform  over  the  entire  area  of  SAW  resonators  or  delay  lines. 
This  certainly  requires  the  SAW  resonators  to  occupy  a  very 
small  area  of  the  disc.  It  should  be  noted  that  the  crave 
propagation  direction  is  always  along  the  digonai  axis  for  the 
results  shown  in  Figures.  3-5. 


Computational  results  for  the  fractional  change  in  the  time 
delay  per  unit  change  hi  the  maximum  strain  B —  on  the  free 
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FIGURE  3  -  Force-Frequency  Coefficient,  hfA/fF,  of  a  SAW 
device  on  Y-cut  quarts  disc  as  a  fraction  of  aslmuthal 
angle  'V.  F  is  the  magnitude  of  forces  in  Newton  and  A 
(mhd)  is  the  cross-sectional  area  at  the  center  of  the  disc. 
The  dots  represent  the  experimental  points. 
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FIGURE  4  -  Force-Frequency  Coefficient,  LfA/fF,  of  a  SAW 
devise  am  ST-eut  games  disc  as  a  frnetloa  of  uaimuthal 
aggie  *.  The  notation 
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FIGURE  5  •  Force- Frequency  Coefficient,  UfAJfF,  of  a  SAW 
device  on  a  doubly  rotated  eat  quartz  (h  ■  -1.06°,  $  - 
26.07°,  y  ■  136.6°)  dive  at  a  function  of  azimuthal  angle 
t.  The  notation  it  tame  at  in  Figure  3. 

surface  of  the  SAW  device  are  shown  in  Figure  6  for  the  rotation 
angles  9  ”  -SO*.  It  is  interesting  to  note  that  generally  for 
substrates  under  flexure  whose  thicknesses  are  less  than  SO 
wavelengths,  the  inhomogeneous  bending  stress  through  the 
thickness  causes  the  surface  wave  propagation  to  become 
dispersive.  However,  for  large  thicknesses  of  substrates,  the 
biasing  flexural  stress  is  essentially  homogeneous  over  a  thin 
boundary  layer  close  to  the  free  surface  and  the  surface  wave 
propagation  is  nondispersive.  The  results  have  been  obtained 
for  the  two  cases  of  flexural  biasing  stresses  being  parallel  and 
normal  to  the  surface  wave  propagation  direction.  The  other  pair 
of  edges  normal  to  the  direction  of  flexure  of  rectangular  (dates 
(or  substrates)  are  subject  to  stress  (or  traction)  free  or 
constrained  normal  component  of  displacement.  Curves  labeled 
1  and  2  are  for  cases  when  the  normal  component  of 
displacement  is  constrained  along  edges  normal  to  the  direction 
of  flexure  whereas  3  and  4  are  for  stress-free  conditions  along 
those  edges.  The  propagation  direction  in  Figure  6  is  fixed  along 
the  digonal  axis.  Figures  7  and  8  show  the  fractional  change  in 
the  time  delay  per  unit  change  in  as  a  function  of 
propagation  direction  measured  from  the  digonal  axis  for  ST-cut 
and  BT-cut  quartz  substrates.  Results  have  been  obtained  for 
flexure  parallel  as  well  as  normal  to  the  propagation  direction 
and  for  the  traction-free  boundary  conditions  along  the  edges 
normal  to  the  flexure.  The  dotted  lines  in  Figures.  7  and  8 
represent  temperature  induced  fractional  changes  in  time  delay 
as  a  function  of  propagation  direction  for  surface  waves  on  two 
rotated  Y-cut  substrates  (•  “  42.75*  and  -49.22*),  respectively. 

KXPKRIMBNTAL  PROCEDURES 

The  force-frequency  effect  has  been  experimentally  studied 
with  SAW  resonators  on  Y-cut  and  ST-cut  quarts  substrates  and 
SAW  delay  lines  on  a  doubly-routed  quartz  plate.  As  pan  of  an 
example,  we  describe  the  details  of  the  experimental  set  up  for 
Y-cut  quartz.  The  Y-cut  disc  was  of  diameter  14mm  and 
thickness  0.207  mm  which  results  in  a  frequency  constant  of 


1.950  km/s  for  the  lowest  thickness-shear  (C-mode)  mode  of 
vibration.  The  SAW  device  employed  a  one-port  resonator 
produced  from  a  photomask  for  60  MHz  nominal  center 
frequency  on  ST-cut  substrates.  A  40  finger-pair,  apodized, 
central  interdigital  transducer  (IDT)  with  5  mm  aperture  and 
100-plus  finger-pair  reflectors  connected  by  a  common  bus 
resulted  in  a  measured  resonant  frequency  of  61.91  MHz.  A  gap 
of  1  finger-pair  was  provided  between  the  central  IDT  and 
reflectors.  The  propagation  direction  was  fixed  along  the  digonal 
axis.  The  electrode  material  was  aluminum  and  1  mil  gold  wires 
provided  attachments  to  bonding  pads.  Electrode  pattern  was 
aligned  with  respect  to  score  mark  on  pUte;  it  is  within  ±5°  of 
crystal  axis.  This  inaccuracy  results  in  an  uncertainty  in  the 
azimuthal  angle  ¥,  which  implies  that  the  abscissa  of  the  force- 
frequency  curve  for  Y-cut  quartz  may  be  shifted. 

Force  application  angle  ¥  has  a  starting  inaccuracy  of  ±5°, 
but  the  precision  of  subsequent  angles  with  respect  to  the 
starting  angle  is  less  than  I*.  The  uncertainty  in  the  starting 
value  of  ¥  produces  another  possible  shift  in  the  abscissa  ¥ 
scale.  The  substrate  back  surface  is  attached  to  a  6.5  mm 
diameter  insulating  dowel  concentric  with  the  substrate  disc. 
The  dowel  has  attached  to  it  a  collar  for  the  electrical 
connections  from  the  resonator  to  the  double  coaxial  lines 
leading  to  the  phase  measurement  apparatus.  The  other  end  of 
the  dowel  shaft  attaches  to  a  gearing  mechanism  for  accurately 
turning  the  quartz  plate  in  ¥  angle  while  maintaining  alignment 
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FIGURE  $  •  Relative  cka*e  in  time  delay  per  unit  applied 
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FIGURE  7  -  Flexure  and  temperature  induced  fractional 
change*  in  time  delay  for  aurface  wave *  on  ST -cut  quartz 
plate  at  a  function  of  propagation  direction*  <hj\  —  100). 
The  tquare*  and  circlet  repretent  curve*  for  flexure  along 
and  normal  to  the  propagation  direction.  Remit*  are  for 
itrett-free  condition*  along  edge t  normal  to  the  direction 
of  flexure. 


with  the  force  application  jaws.  Figure  9  shows  the  apparatus 
used  for  the  application  of  edge  forces  The  picture  shows  a 
BAW  plate  and  electrical  leads  attached  to  the  left  side.  This 
portion  has  been  removed  and  replaced  with  the  aforementioned 
fixture  for  the  SAW  substrate.  To  the  right  of  the  photograph  is 
the  9'  angle  adjustment  gearing.  In  the  center  of  the  picture  is 
shown  the  force  application  portion  of  the  apparatus.  At  bottom 
center,  a  micrometer  head  has  been  modified  to  provide  a  blunt 
knife-edge  lower  anvil.  Aligned  with  this  is  the  upper  shaft  with 
similar  edge  for  contacting  the  crystal  diametrically;  the  knife 
edges  are  parallel  to  the  crystal  plate  thickness.  A  force  of  100 
gm  weight  is  added  to  and  removed  from  the  upper  shaft  and 
the  resulting  frequency  shift  recorded;  this  eliminates  the  tare  of 
the  shaft  and  effects  of  friction  and  settling.  The  knife  edges  are 
coated  with  a  thin  plastic  fllm  to  prevent  scratching  or  chipping 
the  quartz  due  to  momentary  high  seating  stresses.  Because  of 
the  high  temperature  coefficient  of  Y  cut  quartz  resonators  (80- 
100  ppm/K),  the  entire  apparatus  was  placed  in  a  plastic  shroud, 
and  the  measurements  were  taken  in  rapid  succession,  with  the 
force  on  first,  then  with  it  abruptly  removed.  When  taken  in 
this  manner  it  was  observed  that  repeated  readings  for  each  psi 
value  were  consistent  and  no  oven  was  required.  Frequency 
shift  measurements  were  made  by  using  an  HP  Vector  Voltmeter 
and  frequency  synthesizer.  The  phase  was  set  to  zero  at  the 
resonance  frequency  point  when  a  100  gm  weight  was  applied  to 
the  crystal.  The  weight  was  then  removed  and  the  synthesizer 
used  to  bring  the  phase  back  to  zero.  This  procedure  was 
repeated  between  5  and  10  times,  and  the  frequency  shifts 
averaged.  Then  the  crystal  was  routed  to  a  new  4  angle  for 
further  measuremenu.  The  relative  frequency  shift  is  the 
negative  of  the  time  delay  variation  introduced  by  the  applied 
load,  and  the  experimental  values  of  fractional  frequency  shifts 
are  compared  with  the  theoretically  computed  values  in  Figs.  3, 4 


FIGURE  8  -  Flexure  and  temperature  induced  fractional 
change*  in  time  delay  far  turface  wave *  on  BT-cut  quartz 
plate  a*  a  function  of  propagation  direction  (h/X»100). 
The  notation  it  tame  a*  in  Figure  7. 


FIGURE  9  ■  Force-Frequency  Apparatu*  and  Measurement 
Inatrumentation. 


and  $  for  Y-cut,  ST-cut  and  a  doubly  rotated  cut  quartz 
substrates,  respectively. 

The  flexural  deformation  stress  teats  were  conducted  on  1.25* 
diameter  ST-cut  quartz  discs.  The  resonators151*  were  centrally 
located  with  wave  propagation  along  the  X  (digonai)  axis.  The 
frequency  response  of  a  typical  device  is  shown  in  Figure  10, 
where  we  observe  that  three  longitudinal  resonances  occur.  For 
this  design  the  transmission  phase  shift  of  the  central  resonance 
was  zero  degrees,  while  the  phsae  shift  for  the  other  two  modes 
was  ISO  degrees  The  resonator  was  used  to  ttabihzs  an 
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FIGURE  10  -  Frequency  reaponae  of  a  SAW  reaonator  on 
ST-cut  quartz  disc  employed  in  the  atudy  of  moment- 
frequency  effect. 


oscillator  which  was  designed  to  operate  on  the  central 
resonance,  and  because  of  the  180  degree  phase  shift  between 
modes  there  was  no  possibility  of  mode  hopping.  The  circuitry 
consisted  of  a  modular  15dB  amplifier  and  a  10  dB  directional 
coupler  in  a  loop  with  the  resonator.  The  effective  cavity  length 
of  the  resonator  was  550  wavelengths,  and  the  transducers  were 
each  75  wavelengths  long,  yielding  a  fractional  cavity 
metallization  of  about  25%.  We  endeavored  to  keep  this  fraction 
low  in  order  not  to  stress  (due  to  metalization)  bias  the  substrate 
more  than  necessary.  The  frequency  of  oscillation  was  measured 
with  no  applied  load,  and  for  various  flexural  stresses  applied 
using  the  apparatus  shown  in  Figure  11.  The  resonator  was 
housed  in  the  disc-holder  (lower  left  of  Figure  11,  which  is 
shown  in  greater  detail  in  Figure  12)  and  placed  in  the  slot  at  the 
base  of  the  column.  The  weight-rod  (shown  in  the  lower  left  of 
Fig.  11  with  a  0.75"  diameter  ring)  was  used  to  load  the  substrate 
in  the  column  with  the  calibrated  weights  shown.  The  resonator 
sensitivity  to  the  applied  stresses  was  determined  from  the  slope 
of  the  frequency  variation  with  applied  load.  The  curves 
obtained  for  resonators  utilizing  both  etched-groove  and  metal- 
line-segment  reflectors  were  linear  lending  a  high  degree  of 


FIGURE  II  •  Moment-Frequency  Apparutua. 


FIGURE  12  •  Detailed  view  of  the  dice-holder  for  the 
flexure  teat 


confidence  to  our  experimental  results.  The  theoretically 
obtained  value  of  stress  sensitivity  for  the  given  substrate 
dimensions  was  .019  ppm/gm,  and  the  experimental  values  were 
.020  and  .025  ppm/gm.  This  agreement  is  considered  good,  and 
we  plan  further  experiments  on  other  material  orientations. 

In  conclusion,  we  have  obtained  good  agreement  between 
theoretical  and  experimental  results  on  force-frequency  and 
moment-frequency  effects  in  SAW  discs  of  several  orientations. 
The  study  has  clearly  demonstrated  that  such  stress  induced 
effects  are  strongly  dependent  on  the  type  of  loading,  substrate 
geometry,  orientation  and  propagation  direction  of  surface 
waves. 
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**  INTRODUCTION 

Over  the  past  few  years  a  Jevelopment  effort  has  been 
undertaken  to  adapt  the  surface  acoustic  wave  (SAW)  reso¬ 
nator  to  a  silicon  based  configuration.  The  motivation  for 
using  silicon  as  the  substrate  lies  in  the  possibility  of  incor¬ 
porating  SAW  resonators  in  monolithic  integrated  circuits. 
The  ZnO-on-Si  two  port  resonator  configuration,  shown  in 
Fig.  1,  utilizes  a  thermally  oxidized  silicon  substrate  on 
which  a  piezoelectric  ZnO  layer  is  deposited  to  permit  sur¬ 
face  wave  excitation.  Surface  features  include  aluminum 
interdigital  transducers  as  well  as  distributed  reflector  arrays 
which  are  formed  from  grooves  ion  beam  etched  in  the  ZnO 
layer.  An  aluminum  underlayer  is  deposited  prior  to  ZnO 
sputtering.  This  underlayer  serv»s  to  enhance  the  elec¬ 
tromechanical  coupling,  in  addition  to  isolating  charge  car¬ 
riers  in  the  semiconductor  substrate  from  electric  fields  ori¬ 
ginating  in  the  ZnO  layer. 

Two  port  SAW  resonators  fabricated  on  silicon  have 
achieved  Q-values  of  12,000  at  100  MHz.  Reflector  arrays, 
formed  by  modulating  the  ZnO  layer  thickness  with  etched 
grooves,  have  been  characterized  by  a  linear  change  in 
reflectivity  and  wave  velocity  with  groove  depth1.  Rejection 
levels  of  30  dB  have  been  obtained  in  devices  with  an 


•  IKE  SEFUCT0HS 


<2H>  prop, 
SI 


Fig.  1.  SAW  two-port  resonator  configuration  using  a 
piezoelectric  ZnO  layer  on  a  thermally  oxidized  Si 
substrate. 


untuned  resonant  insertion  loss  of  9  dB.  An  attractive 
feature  results  from  the  fart  that  the  thermal  expansion 
coefficient  of  Si02  is  opposite  in  sign  to  that  of  Si  and  ZnO; 
it  is  possible  to  use  the  thermal  oxide  layer  to  temperature 
compensate  the  layered  acoustic  medium.  The  temperature 
stability  of  ZnO-on-Si  SAW  resonators  has  been  shown  to  be 
comparable  to  those  fabricated  on  ST  quartz  when  the  SiOj 
thickness  is  properly  chosen2.  To  complement  the  tempera¬ 
ture  stability,  a  preliminary  ageing  study  of  hermetically 
packaged  resonators  has  indicated  that  ageing  rates  of  less 
than  5  ppm  per  month  are  obtainable. 

y  In  this  paper  we  wilK  dieeuso  two  topics  new  to  the 
ZnO-on-Si  resonator  development!  O'-  -■  l  ; 

J)  The  use  of  SAW  resonators  to  determine  the  effect  of  a 
laser  anneal  on  layered  medium  propagation  loss,’  rt'-.i 
2)  A  conceptually  new  device,  called  the  mode  conversion 
resonator,  which  utilizes  two  propagating  norma)  modes  of 
the  layered  medium  in  order  to  gain  enhanced  out-of-band 
signal  rejection. 

LASER  ANNEALING  OF  THE  LAYERED  MEDIUM 

A  fundamental  limitation  on  the  Q-value  achievable  by 
a  SAW  resonator  is  set  by  the  surface  wave  propagation  loss. 
In  the  ZnO-SiO^Si  layered  medium,  propagation  loss  is 
believed  to  dominate  in  the  polycrystalline  ZnO  layer  as  evi¬ 
denced  by  an  increase  in  attenuation  with  ZnO  thickness.  A 
correlation  has  been  found  between  the  density  of  defects  in 
the  sputtered  ZnO  film  and  the  propagation  loss  observed3. 
These  defects,  while  much  smaller  than  an  acoustic 
wavelength,  apparently  act  as  Rayleigh  wave  scattering 
centers. 

By  using  a  ZnO  layer  on  an  oxidized  Si  substrate  as  an 
optical  waveguide,  Hickernell  has  suggested  that  optical  pro¬ 
pagation  loss  is  dominated  by  defects  located  at  the  ZnO- 
SiOj  interface.  It  was  conjectured  that  these  interface 
defects,  arising  during  the  initial  stages  of  ZoO  sputter- 
deposition,  may  also  contribute  significantly  to  surface  wave 
attenuation.  Attempts  were  made  to  reduce  defects  in  the 
ZnO  film  through  furnace  annealing  treatments.  A  decrease 
in  tensile  stress,  as  well  as  increased  crystallographic  ordering 
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were  observed  in  films  annealed  at  400°  C4.  However,  no 
change  was  obtained  in  either  optical  or  acoustic  propagation 
loss. 

On  the  other  hand,  annealing  methods  which  provide 
localized  heating  at  the  ZnO-Si02  interface  at  a  level  which 
reduces  defects  were  found  to  be  successful  in  decreasing  opt¬ 
ical  propagation  loss.  By  exposing  the  substrate  side  of 
ZnO-on-Si  optical  waveguides  to  the  radiant  energy  of  a  strip 
heater,  in  a  process  called  "rapid  isothermal  anneaing,"  Hick- 
ernell  was  able  to  reduce  optical  propagation  loss  by  a  factor 
of  two4. 

An  alternative  means  of  providing  localized  heating  was 
to  use  laser  illumination  in  the  infra-red  region  of  the  spec¬ 
trum.  At  a  laser  wavelength  of  10.8  pm  ZnO  and  Si  are 
nearly  transparent,  while  the  Si02  layer  absorbs  strongly. 
As  shown  by  the  laser  absorption  profile  in  Fig.  2,  front  side 
1R  illumination  of  the  layered  medium  provides  localized 
heating  at  the  ZnO-Si02  interface,  precisely  at  the  location 
where  the  defect  density  is  believed  highest.  Dutta  el  a).8 
found  that  by  laser  scanning  optical  waveguides  at  power 
densities  of  approximately  2  x  104  W/cm2  at  a  scan  rate  of  1 
cm/sec,  one  could  achieve  a  reduction  in  optica)  propagation 
loss  of  one  to  two  orders  cf  magnitude. 


Fig.  2.  Absorption  profile  of  the  incident  C02  laser 
energy  in  the  ZnO-SiO^Si  layered  medium. 
Defects  at  the  ZnO-Si02  interface  are  reduced  by 
the  localized  heating. 


and  0.75  pm  ZnO  layer.  The  3  pm  Si02  layer  provide* 
sufficient  electrical  isolation  of  the  substrate  from  the  ZnO 
electric  fields  so  that  an  aluminum  underlayer  is  not  required 
for  this  purpose.  In  addition  to  eliminating  transducer  losses 
from  the  cavity,  placing  the  transducers  outside  the  resonant 
cavity  enables  one  to  eliminate  aluminum  from  the  region  to 
be  scanned.  {Aluminum  has  proven  detrimental  in  high  tem¬ 
perature  steps,  diffusing  into  the  ZnO  layer  and  increasing 
the  bulk  conductivity.)  By  minimizing  all  sources  of  loss, 
these  externally  coupled  resonators  exhibited  Q  values  of  up 
to  14,000  at  100  MHz. 

A  C02  laser  was  used  to  scan  the  surface  of  each  exter¬ 
nally  coupled  resonator.  A  scanning  apparatus  containing  an 
xy-translator  was  constructed  to  enable  the  stationary  laser 
beam  to  raster-scan  the  surface  of  the  device  at  a  rate  of  1 
cm/sec.  The  scanner  was  capable  of  accomodating  the  dev¬ 
ice  mounting  case  so  that  center  frequency  ft  and  Q  could  be 
measured  immediately  before  and  after  the  laser  scan  at  each 
power  level.  Placing  the  device  39  cm  behind  the  lens  (hav¬ 
ing  a  focal  length  of  40  cm)  produced  a  spot  size  with  a 
diameter  calculated  to  be  0.125  mm. 

The  variation  in  resonant  frequency  and  Q-value  found 
after  the  laser  anneal  of  a  single  device  at  successively  higher 
laser  power  densities  is  shown  in  Fig.  3.  We  note  a  3 %  max¬ 
imum  increase  in  Q-value  after  annealing  at  a  laser  power 


Fig.  3.  Variation  in  resonant  frequency  and  Q-value  after 
laser  annealing  a  single  externally  coupled  resona¬ 
tor  at  successively  higher  power  densities. 


In  both  the  rapid  isothermal  annealing  experiment  and 
the  laser  annealing  experiment  outlined  above,  experiments 
in  which  significant  reductions  in  optical  propagation  loss 
were  found,  the  experimenters  did  not  determine  the  effect 
on  acoustic  propagation  loss.  It  was  our  intention  to  use 
resonators  fabricated  on  the  ZnO-SiOySi  layered  medium  as 
a  sensitive  means  to  detect  changes  in  acoustic  loss  caused 
by  the  laser  anneal.  The  resonators  employed  in  the  experi¬ 
ment  were  fabricated  on  (III)  Si,  using  a  3  pm  SiOa  layer 


density  of  9  x  104  W/cm*.  This  power  level  is  42%  of  the 
value  reported  for  optimum  optical  loss  reduction.  As  our 
devices  used  a  greater  thickness  of  SK)2  (3  pm  as  opposed  to 
1  pm),  a  greater  efficiency  is  expected  for  localised  heating. 
Thus  the  slight  improvement  in  Q-value  is  attributed  to  a 
decrease  in  surface  wave  propagation  loss  through  a  reduc¬ 
tion  in  interface  defects.  At  higher  laser  power  densities  we 
note  a  rolloff  in  Q-value  and  a  marked  increase  in  resonant 
frequency.  Microscopic  examination  of  the  device  surface 
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revealed  microfractures  formed  during  the  anneal.  The  accu¬ 
mulation  of  mierofraetures  in  succeasive  scans  at  laser  power 
densities  above  10*  W/cm*  seems  to  eause  wave  scattering 
leading  to  Q-degradation.  This  observed  elect  of  a  laser 
anneal  at  excessive  power  levels  might  have  been  antici¬ 
pated,  since  Hickernell  has  reported  bulk  reerystaKxation  and 
micro-fracture  formation  in  ZaO  81ms  subjected  to  furnace 
anneals  at  temperatures  between  500-700°  C. 

At  the  optimum  laser  annealing  power  density,  the 
decrease  in  acoustic  propagation  loss  is  less  dramatic  than 
that  observed  for  optical  propagation  loss  by  Dutta  et  s I.  It 
is  conjectured  that  optical  waveguiding,  which  relies  on 
reflection  at  tbe  upper  and  lower  ZnO  surfaces  to  confine 
light  energy,  may  be  more  sensitive  to  defects  at  the  ZnO- 
SiO„  interface  than  is  SAW  propagation.  SAW  devices 
operating  at  higher  frequencies  and  having  a  greater  propor¬ 
tion  of  acoustic  energy  in  the  vicinity  of  the  ZnO-SiOj  inter¬ 
face  may  be  more  sensitive  to  interface  defects.  Such  devices 
may  benefit  more  from  a  laser  anneal  than  those  tested. 
Alternatively,  propagation  loss  may  not  be  the  dominant 
source  of  loss  in  the  resonant  cavity.  If  other  sources  dom¬ 
inate  losses,  the  improvement  in  propagation  characteristics 
would  not  be  fully  reflected  in  the  Q-value  increase. 

MODE  CONVERSION  RESONATOR 

The  second  new  development  in  ZnO-on-Si  resonators 
which  we  address  here  is  the  operation  of  the  mode  conver¬ 
sion  resonator.  The  devices  discussed  previously  are  con¬ 
structed  on  a  layered  medium  having  a  ZnO  layer  which  is 
made  as  thin  as  possible  in  order  to  minimise  surface  wave 
attenuation.  Consequently,  only  the  lowest  order  sagittal 
mode  (the  Rayleigh  mode)  will  propagate,  as  is  the  case  at 
the  surface  of  a  semi-infinite  homogeneous  medium.  When 
the  ZnO  layer  is  made  sufficiently  thick  in  relation  to  acous¬ 
tic  wavelength,  it  is  possible  to  excite  a  second  order  sagittal 
mode  or  Sezawa  mode. 

In  Fig.  4  the  solid  tines  indicate  the  dispersion  charac¬ 
teristics  for  Rayleigh  and  Sezawa  modes  propagating  in  a 
forward  direction  in  a  layered  medium  designed  to  support 
both  modes.  By  using  a  periodic  array  of  metal  strips  or 
grooves,  it  is  possible  to  couple  these  forward  modes  into 
backward  inodes  (indicated  by  dashed  lines  in  Fig.  4)  at 
points  where  the  forward  and  backward  branches  intersect. 
The  dispersion  characteristics  indicate  the  possibility  of  con¬ 
structing  a  mode-converting  reflector  array.  At  u^s  an 
incident  Rayleigh  mode  R+  is  coherently  scattered  into  a 
backward  Sezawa  mode  S_,  and  vies  wr»*.  The 
wavenumbers  of  the  Rayleigh  and  Sezawa  waves  which  par¬ 
ticipate  in  this  reflection  between  modes  must  satisfy  tbe 
relation 

kB  +  ks  =  Y  (1) 

in  which  d  is  the  mode  conversion  reflector  periodicity.  A 
resonant  cavity  may  be  formed  between  two  mode¬ 
converting  reflector  arrays.  A  Rayleigh  wave  traversing  the 
resonant  cavity  in  one  direction  will  be  reflected  a*  a  Sezawa 
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Fig.  4.  Dispersion  diagram  illustrating  Rayleigh  and 
Sezawa  mode  propagation  characteristics  in  a  lay¬ 
ered  medium  consisting  of  6.5  /im  ZnO  on  1.0  pm 
SiOj  on  (100)-cut,  <010>-propagating  Si. 


wave  at  the  same  frequency,  provided  Eq.  1  is  satisfied. 
After  traversing  the  resonant  cavity  in  the  opposite  direction 
as  a  Sezawa  wave,  it  will  be  re-reflected  as  a  Rayleigh  wave. 
A  resonance  condition  is  satisfied  whenever  the  round  trip 
phase  shift  is  a  multiple  of  2 it,  i.e., 


sj^ef  =  ! 


where  Lelr  is  the  effective  cavity  length  of  the  device  and  n  is 
the  longitudinal  mode  index.  The  transducers  forming  input 
and  output  ports  are  designed  to  couple  energy  into  the 
resonant  cavity  in  one  propagating  mode  and  out  of  the  cav¬ 
ity  from  the  other.  As  indicated  in  Fig.  5,  one  transducer 
having  periodicity  kg  is  positioned  to  couple  optimally  to  the 
Rayleigh  wave,  while  a  second  transducer,  having  periodicity 
X8,  is  placed  to  couple  optimally  to  the  Sezawa  wave.  The 
difference  in  transducer  periodicities  ensure*  a  significant 
reduction  in  direct  acoustic  coupling  between  transducers, 
thereby  inreasing  the  rejection  level  of  the  resonator.  In 
designing  transducers  to  couple  to  each  mode,  it  is  necessary 
to  have  appreciable  electromechanical  coupling  to  both 
modes  with  a  given  ZaO  thickness.  This  condition  is  best 
achieved  by  placing  transducers  at  the  ZnO-SO|  interface. 
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Fig.  5.  Schematic  of  SAW  mode  conversion  resonator. 

Input  and  output  por*  are  tuned  to  different  pro¬ 
pagating  modes.  with  distributed  arrays 
coherently  scattering  between  modes. 

and  employing  a  ground  plane  on  top  of  the  ZnO.  Using  a 
ZnO  thickness  of  6.5  pm  and  an  SiOx  thickness  of  1.0  pm  on 
(100)-cut  <010>-propagating  Si,  the  following  values  of 
electromechanical  coupling  were  calculated:  AR  =  0.016,  As 
=  0.024. 

In  order  to  use  a  single  masking  step  to  simultaneously 
define  IDT's  and  mode  conversion  reflector  arrays,  the  array 
grooves  were  etched  to  a  depth  of  0.1  pm  in  the  SiOj  layer 
prior  to  the  deposition  of  ZnO.  The  frequency  reponses  for 


Fig.  6.  Frequency  response  of  n  two-port  mode  conver¬ 
sion  resonator.  The  calculated  direct  coupling 
level  between  transducers  tuned  to  a  single  pro¬ 
pagating  mode  is  indicated  by  the  dashed  curve. 


two  prototype  mode  conversion  resonators  are  shown  in  Fig. 
6  and  Fig.  7.  The  device  whose  characteristics  are  shown  in 
Fig-  6  exhibits  two  resonances.  The  large  separation  between 
mode  converting  arrays  (52XR  or  20XS),  along  with  the 
detuning  of  resonance  from  the  mode-conversion  center  fre¬ 
quency,  causes  Eq.  2  to  be  satisfied  twice  within  the  mode 
conversion  bandwidth  of  the  arrays.  The  out-of-band  acous¬ 
tic  coupling  level  is  seen  to  fall  off  more  rapidly  than  that 
calculated  for  transducers  tuned  to  the  same  propagating 
mode.  Employing  a  smaller  separation  between  mode¬ 
converting  arrays  (32XR  or  18XS),  the  device  whose  charac¬ 
teristics  are  shown  in  Fig.  7  exhibits  a  single  resonance  peak. 
Due  to  the  smaller  number  of  transducer  fingers,  however, 
the  rolloff  in  ou‘-of-band  acoustic  coupling  between  transduc¬ 
ers  is  less  dramatic  in  this  case. 

Mode  conversion  resonator  Q-values  ranging  from  2300 
to  3000  have  been  obtained,  indicating  that  power  conversion 
efficiency  between  Rayleigh  and  Sezawa  modes  can  exceed 
00%  with  a  400-period  array.  In  fact,  device  Q  is  thought  to 
be  limited  primarily  by  propagation  loss  occurring  in  the  6.5 
pm-thick  ZnO  film. 
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Fig.  7.  Frequency  response  of  a  two-port  mode  conver¬ 
sion  resonator  exhibiting  a  single  resonance  peak. 
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HIGH- FREQUENCY  SHALLOW  BULK  ACOUSTIC  WAVE  QUARTZ  FREQUENCY  SOURCES 
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^  Summary 

— -I^This  paper  describes  the  design  and  fabrication 
of  high-frequency  shallow  bulk  acoustic  wave  (SBAW) 
delay  lines  on  quartz.  Direct  generation  of  frequency 
tones  in  the  GHz  range  is  desirable  because  it  avoids 
the  phase  noise  increase  inherent  in  the  multiplica¬ 
tion  of  low  frequency  bulk-wave  sources.  The  close-in 
phase  noise  can  then  be  improved  if  desired  by  locking 
the  GHz  source  with  a  bulk  crystal.  The  devices  re¬ 
ported  in  this  paper  used  crystal  cuts  near  AT  because 
of  its  high  velocity  and  BT  because  of  its  excellent 
temperature  stability. 

Design  parameters  are  chosen  using  an  in-line 
model.  This  model  uses  the  aperture  width,  number  of 
fingers,  wave  velocity  and  coupling  constant  to  pre¬ 
dict  radiation  resistance,  capacitance,  and  conversion 
loss.  When  used  in  conjunction  with  experimental  pro¬ 
pagation  loss  data,  this  model  accurately  predicts  the 
total  insertion  loss  of  the  device.  Recent  refinements 
of  this  model  Indicate  that,  at  GHz  frequencies,  a  sig-  . 
nificant  trade-off  exists  between  Insertion  loss  and  Q.^-_ „ 


Table  1, 


Comparison  of  SBAW  Properties  in  +35.5° 
and  -50.5°  Rotated  Y-Cut  Quartz 


SUBSTRATE 

ANGLE 

♦  35.5°  (AT) 

-50.5°  (BT) 

WAVE  VELOCITY 

5100  M/tec 

3331  M/mc 

COUPLING  COEFFICIENT 

1.411  X  10  2 

0.*  x  io'2 

MASS  LOADING  EFFECT 

FOR  H/*  =0.01 

iv/v  =  0.  16% 

■  v/v  -  o.on 

WAVE  ATTENUATION 

AT  1  GHz 

0.87  dB/usec 

2.0  dB/usec 

UNIFORM  ISOTROPIC 
STATIC  STRESS 

(xIO'12  M2/N) 

2 

-7 

TEMPERATURE  STABILITY 
(-55°C  TO  ♦8$®C) 

±127  ppm 

♦55  ppm 

Electron-beam  lithography  is  used  to  form  0.4  ym 
patterns  in  a  PMMA  resist.  Resists  are  typically 
single-layer,  but  more  exotic  schemes  (several  layers) 
have  also  been  examined.  Criteria  have  been  developed 
to  decide  whether  or  not  the  metal  transducer  fingers 
should  be  embedded  in  the  quartz.  Usually  the  fingers 
are  not  embedded,  and  the  devices  still  achieve  low 
insertion  loss,  high  Q,  and  excellent  temperature  sta¬ 
bility.  Fundamental  and  fifth-harmonic  devices  on 
AT  quartz  and  fifth-harmonic  devices  on  BT  quartz  were 
fabricated  using  the  lift-off  method.  Frequencies 
range  from  3  to  5  GHz,  with  the  best  devices  having  In¬ 
sertion  losses  in  the  low  twenties.  Q-values  greater 
than  2000  have  been  observed. 

Low- feedthrough  packaging  has  also  been  devised 
using  a  TO-8  can  that  is  cold-welded  under  high  vacuum. 
Organics  are  not  used;  the  device  is  held  in  place  with 
a  stainless-steel  clip  that  is  relatively  stress-free. 

Phase  noise  and  preliminary  aging  data  are  also 
presented. 

Introduction 

Shallow  bulk  acoustic  waves  (SBAW)  in  quartz  are 
preferred  for  high  frequency  applications  because  of 
their  high  wave  velocity,  lower  propagation  loss,  and 
small  temperature  coefficient  of  delay.' *z  Previous 
papers3’5  have  shown  the  practicality  of  direct  fre¬ 
quency  generation  at  a  few  gigahertz.  This  paper  dis¬ 
cusses  the  design  considerations  and  fabrication  tech, 
niqucs  that  yield  oscillator  delay  lines  over  3  GHz 
with  high  Q  and  good  temperature  stability. 

Design  Considerations 

Hiterlal  properties  of  +35.5®  (near  AT)  and  -50.5° 
(near  BT)  rotated  Y-cut  quartz  are  presented  In  Table  1. 
The  AT  cut  has  much  higher  velocity  and  coupling  coeffi¬ 
cient,  while  the  BT  quartz  is  less  sensitive  to  mass 


loading  and  has  better  temperature  stability.  Thus,  one 
might  choose  to  fabricate  delay  lines  on  either  cut, 
depending  upon  the  application.  For  a  given  litho¬ 
graphic  constraint  on  linewidth,  AT  would  be  selected 
to  produce  higher  frequency  devices,  but  applications 
where  a  wide  temperature  variation  is  expected  Wbuld 
probably  be  better  satisfied  using  BT  quartz. 

One  can  use  a  mul ti -electrode  configuration  to 
extend  the  frequency  of  operation  on  either  species  of 
quartz.6  Utilizing  the  fifth  harmonic  response  in¬ 
creases  the  frequency  of  operation  significantly,  so 
devices  on  BT  quartz  are  typically  designed  with  that 
configuration.  We  also  used  electron  beam  lithography 
in  order  to  extend  the  frequency  of  operation  beyond 
that  accessible  with  conventional  photolithography. 

Electrodes  are  typically  embedded  to  reduce  re¬ 
flections.  On  BT  quartz,  however,  the  SBAW  velocity 
is  so  close  to  that  of  aluminum  that  this  is  a  rela¬ 
tively  small  effect.  On  AT  quartz,  the  average  dif¬ 
ference  in  fundamental  mode  insertion  loss  between 
embedded  and  non-embedded  devices  was  found5  to  be 
about  1  dB,  but  is  significantly  higher  for  harmonic- 
mode  devices--on  the  order  of  3-5  dB  at  gigahertz 
frequencies. 

Propagation  loss  must  also  be  taken  into  account. 
As  discussed  elsewhere,5.'  we  empirically  model  the 
propagation  loss  on  AT  quartz  as 

Loss  (In  dB)  =>  9.0  dB/usec  •  v2  ,  (1) 

where  v  is  the  frequency  in  gigahertz.  Thus,  even  as 
a  device’s  dimensions  (typically)  scale  inversely  with 
frequency,  the  vz  growth  of  the  propagation  loss  en¬ 
sures  greater  Insertion  loss  at  higher  frequencies. 

This  Is  incorporated  into  our  standard  In-line  model 
for  SBAW  Insertion  loss,  enabling  us  to  predict  the 
loss  of  a  given  design  with  reasonable  accuracy. 

Figure  1  shows  a  plot  of  expected  Insertion  loss  as 
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Figure  1.  Scaling  of  Insertion  Loss  as 
a  Function  of  Frequency 


a  function  of  frequency  for  a  scaled,  fundamental  mode 
device  on  AT  quartz  with  an  aperture  of  75  x.  Identical 
transducers  of  200  finger  pairs  each,  and  a  gap  of 
50  um  between  transducers.  The  increase  In  insertion 
loss  is  rapid,  and  almost  linear  In  dB.  Also,  the  Q 
of  these  devices  is  relatively  low-ranging  from  750  to 
930.  In  oscillator  applications,  one  typically  wants 
the  Q  as  high  as  possible,  which  Implies  a  long  delay 
time,  which  In  turn  Increases  the  propagation  loss.  ’At 
2  GHz,  propagation  loss  Is  about  10%  of  the  total  loss 
In  dB;  at  10  GHz,  It  Is  over  one-half.  Therefore,  It 
should  be  clear  that  a  fundamental  trade-off  exists 
between  Insertion  loss  and  Q  at  such  frequencies. 

Fabrication 


The  devices  reported  here  are  all  fabricated  with 
electron  beam  lithography.  A  thin  (100  a)  layer  of 
metal  Is  evaporated  onto  the  quartz  to  serve  as  an  ad¬ 
hesion/conduction  layer,  then  a  layer  of  PUMA  electron 
resist  Is  spun  on  and  baited.  Exposure  Is  accomplished 
with  a  Cambridge  EBMF-2  system.  The  PMKA  is  then  devel¬ 
oped,  which  Is  followed  by  a  plasma  de-scum  step,  metal 
deposition  and  lift-off.  The  electrodes  are  not 
embedded . 


After  the  patterns  are  produced,  the  wafers  are 
diced  and  packaged  In  T0-8  cans.  Devices  are  held  by 
a  stainless-steel  clip  that  Is  spot-welded  to  the 
package  base.  This  clip  places  very  little  stress  on 
the  substrate.  The  packages  are  then  cold-welded  in 
a  vacuum  that  Is  typically  10'8  or  10*9  torr.  It  Is 
believed  this  packaging  approach  will  minimize  long¬ 
term  aging. 


Delay  line  Results 

We  report  results  of  four  devices  here— two 
3.1  GHz  AT  fundamental  mode  devices  (Devices  A  and  6), 
a  3.5  GHz  fifth  harmonic  BT  device  (Device  C),  and  a 
5.25  GHz  fifth-harmonic  AT  device  (Device  0). 

Design  parameters  are  summarized  In  Table  2. 

Table  2.  Device  Design  Parameters 


DEVICE  A 

DEVICE  I 

- 

DEVICE  C 

DEVICE  0 

CRYSTAL 

AT 

AT 

•T 

AT 

FINCERWIDTH/ 

CAR  WIDTH 

9.  Butt 

9.1x0 

9.4u* 

9.bu* 

APERTURE  WIDTH 

••  >i 

ii », 

**. 

« 

HARMONIC  MODE 

FUNDAMENTAL 

\ 

r 

FIFTH 

FIFTH 

CENTER  FREQUENCY 

1.1  CHz 

9.1  CMz 

M  CHz 

5.  25  GHz 

CENTER -TO-CENTER 
TRANSDUCER  SEPARATION 

3 19.  burnt 

219.  bv* 

999v« 

>19.  burnt 

0 

o 

o 

o 

METALLIZATION 

499  A  AL 

499  A  AL 

099  A  AL 

499  A  AL 

TRANSDUCER  LENGTH 

199  X, 

259  \ 

in  ij 

11$  ij 

Figure  3  shows  device  ',  a  3.1  GHz  AT  fundamental 
device,  unmatched.  Before  packaging  In  the  TO-8  can, 
the  Insertion  loss  was  22  dB.  electromagnetic  feed¬ 
through  changes  the  packaged  loss  to  20  dB,  and  also 
causes  the  high-frequency  "tall"  to  appear.  Figure  4 
shows  device  B  unmatched  and  unpackaged.  It  appears 
as  If  a  stopband/resonator  effect  Is  occurring. 

A  loss  analysis  of  these  devices  Is  given  In 
Table  3.  The  measured  Insertion  loss  of  device  A 
does  not  agree  very  well  with  the  predicted  untuned 
loss.  This  Is  because  the  Inductance  of  the  several 
bond  wires  used  partially  tuned  the  device— this  was 
observed  on  a  Smith  chart.  Device  B  had  better  agree¬ 
ment,  but  was  still  off.  We  believe  this  Is  due  to 
the  resonator  effect  one  can  observe  from  the  plot. 
Alternatively,  perhaps  our  model  overestimates  the 
propagation  loss. 

Table  3.  Loss  Analysis  for  3.1  GHz  AT  Devices 
(In  dB) 


A  multi-level  resist  scheme  has  been  devised  that 
would  enable  us  to  embed  the  electrodes  in  the  quartz. 
The  beginning  configuration  Is  shown  In  Figure  2.  Pat¬ 
terns  exposed  In  the  PMMA  are  replicated  in  the  poly¬ 
chrome  resist,  which  withstands  1on-m1111ng  better  than 
the  PMHA.  The  quartz  Is  then  etched  with  reactive  Ion- 
etching,  then  metal  Is  deposited  and  lifted  off  as  usual 
This  method  Is  still  under  development. 


7777777777777 

Figure  2.  Multi-Level  Resist 
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Device  C,  shown  In  Figure  5,  is  a  fifth-harmonic 
device  on  BT  quartz  that  operates  at  3.5  GHz.  The 
passband  shape  and  rejection  are  quite  good,  but  In¬ 
sertion  loss  Is  rather  high.  However,  the  measured 
insertion  loss  agrees  quite  nicely  with  the  predicted 
untuned  loss,  shown  In  Table  4.  When  tuned,  this 


429 


Figure  3.  3.1  6Hz  AT  Oelay  Line  (Device  A) 
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Flgurt  4.  3.1  SHz  AT  Delay  Line  (Device  8) 
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DEVICE  LOSS 

UNTUNED 

CONVERSION  LOSS  (1) 

16.1 

CONVERSION  LOSS  (2) 

16.1 

RESISTIVE  LOSS 

0.5 

SPREADING  LOSS 

.8 

PROPAGATION  LOSS 

11.2 

TOTAL  LOSS 

44.8 

MEASURED  LOSS 

46.0 

TUNED 


UNTUNED  TUNED 


device  reached  an  insertion  loss  of  36  dB,  but  the  Q 
Mas  reduced  about  25%. 

Device  D,  a  5.25  GHz,  fifth-harmonic  device,  was 
fabricated  with  parameters  previously  shown.  Predicted 
insertion  loss  was  46  dB  (shown  in  Table  5),  and  a 
response  at  about  50  dB  was  barely  observable  due  to 
feedthrough  at  the  same  level.  The  discrepancy  is  due 
to  the  several  dB  Increase  In  insertion  loss  (mentioned 
earlier)  caused  by  not  embedding  the  electrodes  of  a 
harmonic  AT  device. 

Oscillator  Design  and  Results 

As  shown  schematically  In  Figure  6,  the  SBAM 
oscillator  consists  of  a  SBAW  delay  line  and  an 


DEVICE  LOSS 


CONVERSION  LOSS  ( 1) 
CONVERSION  LOSS  (2) 
RESISTIVE  LOSS 
SPREADING  LOSS 
PROPAGATION  LOSS 


TOTAL  LOSS 


MEASURED  LOSS 


amplifier  In  a  feedback  loop  circuit.  The  conditions 
for  oscillations  are  (1)  gain  around  the  loop  must 
exceed  all  losses,  and  (2)  phase  shift  around  the 
loop  must  be  equal  to  a  multiple  of  2w  radians.  For 
single  mode  operation,  the  SBAW  delay  line  must  have 
a  sufficiently  narrow  passband  so  that  It  contains 
only  one  oscillating  mode.  All  other  modes  satisfying 
condition  (2)  will  lie  In  the  rejection  band  of  the 
delay  line  and  will  not  oscillate  due  to  lack  of  gain. 

Discrete  components  are  used  In  the  construction 
of  the  oscillators.  This  allows  maximum  flexibility 
In  Interchanging  oscillator  components  and  thus  permits 


0  amplifier 

0  POWER-SPLITTER 
0  RESISTIVE  PAD 
0  SBAW  DEVICE 
0  VARIABLE  LENCTN  LINE 


Figure  6.  SBAW  Oscillator  Schematic 

many  delay  lines  to  be  Incorporated  and  evaluated. 

Each  oscillator  consists  of  a  SBAW  delay  line,  ampli¬ 
fier,  attenuator,  some  external  delay,  and  an  output 
coupler.  Typically,  a  wideband  (2-4  GHz)  GaAs  FET 
amplifier  Is  used. 

Figures  7  and  8  show  phase  noise  for  oscillators 
using  devices  A  and  B,  respectively.  The  straight 
lines  on  each  plot  represent  predicted  phase  noise  of 
a  10  MHz  commercially  available  bulk  crystal8  oscilla¬ 
tor  multiplied  to  3.1  GHz.  The  floor  of  the  SBAW 
oscillators  Is  lower,  but  close-in  phase  noise  Is 
worse  than  that  of  the  bulk  crystal.  A  circuit  com¬ 
bining  the  two  would  be  optimal  If  weight  and  power 
penalties  could  be  afforded. 

Aging 

The  two  oscillators  for  which  phase  noise  plots 
were  given  recently  started  long-term  aging  tests. 

Only  one  month  of  data  Is  available,  so  any  conclusions 
are  extremely  tentative.  One  has  shifted  about  10  ppm 
and  appeared  to  level  off,  and  the  other  has  shifted 
less  than  2  ppm  to  date. 

Conclusions 
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Insertion  loss,  but  one  might  reasonably  expect  to 
produce  devices  with  Q's  of  around  2000  and  an  untuned 
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Summary 


Recently,  Digital  TCXOs  have  been  studied 
extensively,  because  of  their  high  stability 
and  rapid  start-up  time.  However,  they  have 
the  disadvantages  of  large  circuit  scale  and 
high  power  dissipation.  To  solve  these  prob¬ 
lems,  it  is  necessary  to  develop  an  LSI  cir¬ 
cuit  for  TCXOs.  This  paper  describes  a  new 
digital  TCXO  structure  suitable  for  a  C-MOS 
integrated  circuit.  A  new  and  simple  tempera¬ 
ture  compensation  algorithm  is  also  proposed. 


The  TCXO  circuit  proposed  here  has  a  new 
crystal  oscillation  circuit  directly  control¬ 
led  by  a  digital  signal.  This  makes  it  possi¬ 
ble  to  eliminate  D/A  converter  and  varactor 
diode  used  in  conventional  digital  TCXOs.  The 
new  oscillation  circuit  is  composed  of  an 
amplifier,  a  quartz  resonator  and  a  capacitor- 
switch  array. ^JThe  capacitor-switch  array  ope¬ 
rates  as  a  digital  controlled  variable  capaci¬ 
tor.  Both  the  capacitors  and  switch  elements 
can  be  formed  by  a  C-MOS  LSI  process. 

To  stabilize  the  oscillation  frequency 
against  supply  voltage  change,  a  C-MOS  voltage 
stabilizing  circuit  composed  of  three  MOS 
transistors  and  a  voltage  divider  is  proposed. 

A  simple  control  algorithm  obtaining  good 
compensation  effect  is  considered.  In  this 
algorithm,  frequency  temperature  characteris¬ 
tic  of  a  resonator  is  expressed  by  a  3rd  order 
pollnomlal  of  the  temperature.  The  tempera¬ 
ture  coefficient  for  each  order  A1(i=l,2  or  3) 
is  represented  by  the  summation  of  a  standard 
value  and  a  deviation  6^.  This  deviation 
value  is  coded  in  a  few  bits  and  externally 
adjusted.  This  makes  it  possible  to  eliminate 
memory  cells  from  the  control  circuit. 

A  basic  experiment  of  the  new  TCXO  using 


a  bread-boad  circuit  was  conducted  and  the 
results  were  successful. 

Introduction 


Temperature  compensated  crystal  oscilla¬ 
tors  (TCXOs)  have  been  widely  used  in  tele¬ 
communication  systems,  especially  in  mobile 
equipments.  The  frequency  stability  of  TCXOs 
has  been  limited  in  a  range  of  a  few  ppm. 
Recently,  more  stable  TCXOs  became  to  be 
required  and  digital  TCXOs  (D-TCXOs)  have  been 

i  )_3  j 

studied  extensively.  However,  they  have 

the  disadvantages  of  large  circuit  scale  and 
high  power  dissipation.  To  solve  these  prob¬ 
lems,  it  is  necessary  to  develop  an  LSI  cir¬ 
cuit  for  TCXOs.  Conventional  D-TCXO  circuit 
is  unsuitable  for  one  chip  LSI,  because  a  D/A 
converter  and  a  varactor  diode  are  used  in  the 
circuit. 

In  this  paper,  we  describe  a  new  D-TCXO 
configuration  suitable  for  C-MOS  LSI  thchno- 
logy.  The  features  of  the  configuration  are 
as  follows: 

1)  New  digital  controlled  crystal  oscilla¬ 
tion  circuit  using  a  capacitor-switch 
array. 

2)  C-MOS  voltage  stabilizing  circuit  in 
order  to  stabilize  the  oscillation  fre¬ 
quency  against  supply  voltage  change. 

3)  Simple  compensation  algorithm  without 
any  memory  cells. 
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A  block  diagram  for  a  conventional 
D-TCXO  is  shown  In  Fig.1  (a).  Temperature 
information  from  the  temperature  sensor  is 
coded  into  a  digital  signal  by  the  tempera¬ 
ture  coder.  The  programmable  ROM  or  micro¬ 
processor  generates  a  compensation  data  when 
it  receives  the  coded  temperature  signal. 


The  D/A  converter  controls  the  capacitance 
value  of  the  varactor  diode.  In  such  a  set¬ 
up,  a  reference  voltage  is  needed  for  the  D/A 
converter,  and  a  varactor  diode  cannot  be 
formed  on  an  LSI  chip. 

These  problems  can  be  solved  by  using  a 
capacitor-switch  (C-SW)  array  as  shown  in  Fig. 
1  (b).  For  switch  elements,  transistors  are 
useful . 

Figure  2  shows  the  new  crystal  oscilla¬ 
tion  circuit  using  a  C-SW  array.  The  C-MOS 
inverter  operates  as  an  amplifier,  and  the 
capacitance  value  is  controlled  by  digital 
signals,  B^,  B,,  and  so  on.  For  the  switch 
elements,  MOS  transistors  can  be  used.  As 
the  capacitor  elements  can  be  formed  on  an 
LSI  chip  by  a  C-MOS  process,  this  oscillation 
circuit  except  for  crystal  unit  will  be  built 
on  such  a  chip. 

In  the  oscillation  circuit  using  a  C-SW 
array,  it  must  be  considered  that  on-resis- 
ance  Ron  of  an  MOS  transistor  is  relatively 
high.  This  is  solved  by  connecting  fixed  ca¬ 
pacitors  CgQ  and  Cd0  parallel  to  the  C-SW 
array.  Figure  3  (a)  shows  an  equivalent  cir¬ 
cuit  for  the  C-SW  array  considering  Ron  of  the 
switch,  where  CQ  corresponds  to  the  fixed  ca¬ 
pacitance  and  Cx  corresponds  to  capacitance 
value  connected  to  the  switch  element.  The 
equivalent  capacitance  Ceq  and  the  equivalent 
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Ron!  ’  . 
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array 
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Fig. 2.  Crystal  Oscillation  Circuit 

Using  a  Capacitor-Switch  Array 


Fig. 3.  Equivalent  Circuit  for  C-SW  Array  (a) 
and  Oscillation  Circuit  (b). 


resistance  ReC]  are  given  by 

c  <C0  *  Cx)2  *  U^oV^n 
eq'  c0 :  cx :  u\cx\i 


Figure  4  shows  an  example  of  the  load 
capacitance  characteristics  of  the  oscillation 
circuit.  A  series  circuit  of  a  capacitor  and 
(U  an  MOS  transistor  is  connected  to  both  the  in¬ 
put  and  output  terminal  of  the  inverter. 


Cx2*on 


eq 


<C0  ♦  Cxy 


,  ,2-  2„  2„  2 
(tj  Cn  C„  R__ 
w  0  x  on 


(2) 


respectively. 

Therefore,  if  Cq  is  much  larger  than  Cx, 
equivalent  resistance  R  is  reduced  enough  as 
compared  with  RQn  value. 

Oscillation  condition  of  the  circuit  is 
obtained  from  an  equivalent  circuit.  Figure 
3  (b)  shows  the  equivalent  circuit  for  the 
C-MOS  crystal  oscillation  circuit  using  a  C-SW 
array.  CG  and  R^  represent  equivalent  capaci¬ 
tance  and  equivalent  resistance  for  the  C-SW 
circuit  connected  to  the  input  (gate)  of  the 
C-MOS  inverter,  and  Cp  and  Rp  correspond  to 
them  connected  to  the  drain. 

Mutual  conductance  g  and  drain-source 
m 

resistance  rds  of  the  inverter  are  given  by 
gmr  gmN  +  gmP 


1/rds=  1/rdsN 


+  1/r 


dsP 


(4) 


respectively,  where  suffixes  N  and  P  corres¬ 
pond  to  N-channel  MOS  transistor  and  P-channel 
MOS  transistor  of  the  inverter. 

From  Fig. 3  (b),  load  capacitance  Cp  for 
the  crystal  unit  and  negative  resistance  -R 
of  the  circuit  are  obtained  as 


V 


CGCD 


22-.li 

O  +  CD  1 

gmrds(  1+ u,2cDrds(CCRC  +  W)  _CG/CD 


1  +  gmrds  +  w^rdsCD(CD+CG) 


} 


-R  = 


gmrdsCD/CG  ~  rds^  M  Cnrriarin* 


,  1727 T 

t+  u)  CDrds 


(5! 

D‘  ds’^D1 


-  R, 


(6) 


respectively,  where  rds»  RD  is  assumed. 


Table  1.  Parameter  values  of  the  circuit. 


parameter 

specification 

14.6  mS 

inverter 

°m 

4.78  kfl 

rds 

switches 

R  ( SW. 1 ,  SW.2] 
on  ’ 

220 

cgo 

90  pP 

Cd0 

60 

Cxl 

9 

capacitors 

Cx2 

6 

c  t  * 

s  1 

8 

r  w 

s2 

8 

m stray  capacities  of  the  printing  wired 
boad 


CMOS  INV 


Fig. 4.  Load  Capacitance  Characteristics 


■Rj  •  *-' 


Specific  values  of  the  circuit  parameters  are 
listed  in  Table  1.  Solid  line  in  Fig. 4  show 
load  capacitances  for  various  switching 
states  calculated  from  Eq.(5).  It  is  found 
that  laod  capacitance  depends  on  both  fre¬ 
quency  and  switching  state. 

Experimental  values  at  about  12.8  MHz 
are  plotted  in  the  figure.  Good  agreement 
with  the  calculated  values  was  obtained. 

Here,  experimental  values  were  estimated 
from  the  oscillation  frequency  fosc  by  using 
Eq.(7): 


f 


osc 


CL/C0> 


alT  (i 


(7) 


where  fQ  and  'Tf  are  series  resonance  frequency 
and  capacitance  ratio  of  the  resonator. 

From  this  result,  we  can  accurately 
design  a  C-MOS  crystal  oscillation  circuit 
using  a  C-SW  array. 


A  bread-boad  crystal  oscillation  circuit 
controlled  by  a  6-bit  digital  signal  was 
fabricated  in  tests.  The  frequency  change  per 
digit  has  been  designed  to  be  equal  to  -0.3 
ppm.  The  control  characteristic  of  the  osci¬ 
llation  circuit  is  shown  in  Fig. 5.  Solid  line 
represents  -0.3  ppm/digit  slope,  and  black 


circles  plot  experimental  results.  In  spite 
of  slight  deviations  from  the  solid  line, 
experimental  values  agree  well  with  designed 
values. 


2.  Stabilizing  Circuit. 

A  serious  problem  of  a  C-MOS  crystal 
oscillation  circuit  is  that  the  load  capaci¬ 
tance  depends  on  the  inverter  supply  voltage. 
This  causes  oscillation  frequency  dependency 
on  inverter  supply  voltage. Therefore,  a  stabi¬ 
lizing  circuit  against  supply  voltage  change 
is  necessary. 

Figure  6  shows  the  voltage  stabilized 
C-MOS  oscillation  circuit.  The  stabilizing 
circuit  is  composed  of  three  MOS  transistors, 
MP2,  MP3  and  MN2,  and  two  resistances,  R1  and 

V 

The  condition  to  stabilize  the  effective 
supply  voltage,  VE,  for  the  inverter  is 
derived  in  the  following: 

Operational  point  of  inverter  (MP1,  MN1) 
is  determined  by  drain  current  ID  of  transis¬ 
tor  MP2  which  i3  given  by 

ID=PP2(  lVGsMVthP',2(1  +  *P2VDS>  ,  (8) 


437 


where  £  ,  X  and  Vfc.f  are  transconductance 
parameter,  channel  modification  parameter  and 
threshold  voltage  of  MOS  transistors. 

If  Ap2VDs  «  1  is  satisfied,  Eq.(8)  is 
rewritten  as 

1DatPp2(|VGSl  -lVthPl)2  (9> 

Furthermore,  for  transistors  MP3  and  MN 2, 


V<U 


Fig. 6. Voltage  Stabilized  Crystal  Oscillation 
Circuit. 


JD  “Pp3  {  ,VGS  *  "  lVthP  I’ 

N2  (  VDD  _lVGSl~  VthN) 


(10) 


is  satisfied. 

In  equations  (8)  -  (10),  it  is  assumed 
that  transistors  MP2,  MP3  and  MN2  operate  in 
saturation  region 

From  Eq.(IO),  gate-source  voltage  VGS  for 
MP2  is  obtained  as 


I  Vthp| “  VthN 


(11) 


Therefore,  if 


is  satisfied,  drain  current  Ip  of  MP2  will 
become  to  be  independent  from  supply  voltage 
VDD.  The  constant  supply  current  keeps  the 
operational  point  of  the  inverter  at  a  fixed 
point.  As  a  result,  the  inverter  supply  vol¬ 
tage  VE  and  oscillation  frequency  are  stabi¬ 
lized. 


Figure  7  shows  the  effect  of  the  stabili¬ 
zing  circuit.  Horizontal  axis  is  the  supply 
voltage  VpD,  (a)  and  (b)  correspond  to  effec¬ 
tive  supply  voltage  V£  and  oscillation  fre¬ 
quency  change,  respectively.  The  value  of 
^N2/  P  p3  was  adjusted  at  0.33  and  the 
voltage  divide  ratio  rv  {  =  R^/(Rj  R2 )J  was 
allowed  to  vary  as  a  parameter.  Voltage  V£  is 
effectively  stabilized  when  r^  i  0.31.  This 
Ty  value  is  nearly  equal  to  /P  N2/ ^  P3  ' 

The  oscillation  frequency  change  corres¬ 
ponds  very  well  to  the  variation  of  voltage  Vg. 
In  the  unstabilized  case,  the  oscillation 
frequency  depends  strongly  on  VpD,  while  in 
the  stabilized  case,  that  depends  on  it  very 
little.  The  best  stabilizing  effect  for  this 
frequency  was,  like  V£,  at  rv  *  0.31. 


Fig. 7.  Effect  of  the  Stabilizing  Circuit 


Compensation  Algorithm  and 
D-TCXO  Experiment 

Figure  8  shows  block  diagram  of  the  new 
digital  TCXO.  Temperature  signal  from  tempe¬ 
rature  sensor  is  coded  into  a  digital  signal 
through  temperature  coder.  Signals  6^,  6 2 
and  5  3  are  coded  temperature  coefficients 
of  the  resonator  corresponding  to  1st,  2nd 
and  3rd  order.  These  <5  signals  are  external¬ 
ly  adjusted  by  fixing  the  input  terminals  to 
low  or  high  logic  level.  The  processor  gene¬ 
rates  compensation  data  from  6^,  &  2,  £3 

and  the  coded  temperature  signal.  The  osci¬ 
llation  frequency  is  controlled  by  this  com¬ 
pensation  data  through  controlling  the 
switching  state  of  the  C-SW  array. 

This  processor  circuit  can  be  built  by  a 
logic  circuit  without  any  memory  cells. 
Therefore,  all  TCXO  circuit  except  for  the 
crystal  resonator  and  temperature  sensor 
element,  will  be  formed  on  a  C-MOS  LSI  chip. 


cients  can  be  represented  by 


Compensation  algorithm  for  Fig. 8  is 
explained  in  the  following: 


V 


£n  X  10" 


A2=  -  (6  ♦£. 


)  »  10 


-10 


(8 


V 

where 
given  by 

0  £  6, 

°  £62 

0  ^ 


♦  £3) *  10 


-11 


(14) 


and 


6  3  are  limited  to  ranges 


£  4 

&  14 
<  3 


(15) 


From  this  fact,  only  <5  values  are  need¬ 
ed  in  order  to  specify  the  frequency  tempera¬ 
ture  characteristic  of  a  resonator.  These 
£  values  can  be  coded  into  digital  signals 
by  a  few  bits.  Table  2  shows  quantization 
error  of  frequency  deviation  Af/f^  for  vari¬ 
ous  coding  bit  numbers  of  each  order.  If  we 
code  61  in  7  bits,  and  both  and  63  in 

5  bits,  oscillation  frequency  deviation  of  the 
TCXO  is  limited  to  the  region  -  0.2  to  +  0.2 
ppm  for  the  temperature  range  of  -20  to  +  70 
*C. 

Table  2.  Quantization  error  of  frequency 
temperature  characteristic. 


coding" — ^order 
bit  number'-—^^ 

1st 

2nd 

3rd 

3 

1.12 

0.195 

O 

e 

—4 

00 

4 

0.56 

.10 

.09 

5 

.28 

.05 

.045 

6 

.14 

.025 

.023 

7 

.07 

8 

.035 

9 

.028 

ppm 

ppm 

ppm 

It  is  well  known  that  the  frequency  tem¬ 
perature  characteristic  of  an  AT-cut  quartz 
resonator  can  be  represented  by  a  third  order 
polinomlal  of  the  temperature, 

4f/f0  =  A1 (T  -  TQ)  ♦  A2(T  -  TQ)2+  A3(T  -  Tq)3. 

(13) 

Temperature  coefficients  A^,  A2  and  A3  are 
mainly  determined  by  the  cut  angle  of  the 
resonator.  From  investigations  of  many  AT-cut 
quartz  resonator  samples,  temperature  coeffi- 


Figure  9  shows  the  limitation  of  the  fre¬ 
quency  temperature  characteristics  correspond¬ 
ing  to  the  deviation  given  by  Eq.(15).  Cut 
angle  error  for  this  limitation  is  about  6 
minutes. 

The  control  algorithm  has  been  experi¬ 
mentally  studied  using  a  bread-boad  circuit. 

Figure  10  shows  the  frequency  temperature 
characteristic  of  the  oscillator.  For  the  un¬ 
compensated  case,  oscillation  frequency  devla- 


tes  from  -  12  to  +  6  ppm.  Here,  normalization 
frequency  fQ  is  the  oscillation  frequency  at 
25 *C.  On  the  other  hand,  in  the  compensated 
case,  the  frequency  deviation  is  markedly 
reduced  to  the  range  of  -  0.2  to  ♦  0.4  ppm. 


Fig. 9.  Limitation  of  the  Frequency  Temperature  Characteristics 
Corresponding  to  Eq.(15). 


Fig. 10.  Frequency  Temperature  Characteristics  of  the  D-TCXO. 


Conclusion 

We  have  proposed  a  new  C-MOS  crystal 
oscillation  circuit  using  a  capacitor-switch 
array.  This  oscillation  circuit  can  be 
directly  controlled  by  a  digital  signal  with¬ 
out  using  a  D/A  converter.  It  was  shown  that 
control  characteristic  of  the  oscillation 
circuit  can  be  accurately  estimated  from  an 
equivalent  circuit. 

A  C-MOS  stabilizing  circuit  that  stabi¬ 
lize  the  oscillation  frequency  against  supply 
voltage  change  was  presented. 

Furthermore,  a  compensation  algorithm 
for  the  coding  of  the  frequency  temperature 
coefficients  were  proposed. 

Experimental  results  using  a  bread-boad 
circuit  agreed  well  with  expected  values. 
These  results  strengthen  the  possibility  that 
a  C-MOS  LSI  can  be  obtained  for  digital  TCXOs 
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ABSTRACT 

A  new  method  of  temperature  compensation  of  crystal 
oscillators  has  been  developed.  It  Is  primarily 
Intended  for  AT-cut  crystal  oscillators  and  offers 
advantages  of  higher  stability,  lower  power 
consumption  and  smaller  size  compared  with 
oscillators  In  current  production.  Compensation  Is 
achieved  by  generating  a  power  series  representation 
of  the  control  voltage  for  a  voltage  controlled 
crystal  oscillator.  A  bipolar  Integrated  circuit 
has  been  designed  which  generates  four  voltages, 
each  varying  as  a  function  of  temperature.  One 
voltage  Is  constant  while  the  others  have  a  linear, 
quadratic  and  cubic  variation  with  temperature. 

These  voltages  are  similar  In  shape  to  the  first  four 
Chebyshev  polynomials  and  the  compensation  voltage 
Is  obtained  by  sunning  the  voltages  In  an  operational 
amplifier.  Prototype  oscillators  have  been  assembled 
which  have  a  frequency  tolerance  of  less  than  *■. lppm 
over  the  temperature  band  85PC  to  -40®C.  The*'*' 
current  consumption  of  these  oscillators  Is  1mA. — - 


INTRODUCTION 

A  temperature  compensated  crystal  oscillator  (TCXO) 
consists  of  two  sections.  The  first  section  Is  a 
voltage  controlled  crystal  oscillator  whose 
frequency  of  oscillation  Is  controlled  by  a  d.c. 
voltage.  The  second  section  Is  a  circuit  which 
generates  a  temperature-varying  voltage.  This 
voltage  Is  fed  to  the  crystal  oscillator  and 
compensates  for  the  frequency  changes  that  would 
have  occurred  due  to  a  change  In  aafelent  temperature. 


Over  the  last  few  years  there  have  been  market 
demands  for  TCXOs  which  have  a  higher  stability, 
smaller  size  and  lower  power  consumption  compared 
with  oscillators  In  current  production.  An  improved 
method  of  temperature  compensation  has  been 
developed  enabling  TCXOs  to  be  manufactured  to  satisfy 
these  market  requirements. 

The  most  significant  factor  Is  frequency  stability. 
Higher  stability  requires  a  more  complex  system  of 
compensation  which  Is  best  realized  using  an 
Integrated  circuit.  The  other  demands  of  low  power 
and  small  size  are  also  compatible  with  this  approach. 
A  bipolar  Integrated  circuit  has  been  designed  which 
generates  a  temperature-varying  control  voltage  for 
a  voltage  controlled  crystal  oscillator.  The  method 
of  compensation  Is  primarily  Intended  for  AT-cut 
crystal  oscillators  and  compensation  Is  achieved 
by  generating  a  power  series  representation  of  the 
desired  control  voltage.  It  Is  also  possible  to 
Incorporate  the  voltage  controlled  crystal  oscillator 
substantially  within  the  Integrated  circuit,  and  to 
create  a  TCXO  In  which  the  majority  of  the  circuit 
elements  are  contained  within  a  single  integrated 
cl  rcult. 

COMPENSATION  VOLTAGE 

Conventionally  a  voltage  control  led  crystal  oscillator 
consists  of  a  crystal  oscillator  having  a  variable 
reactance  In  the  feedback  path.  This  variable 
reactance  Is  normally  a  variable  capacitance  diode 
and  the  frequency  of  the  oscillator  is  controlled  by 
the  d.c.  bias  voltage  across  the  diode.  If  this 
voltage  Is  varied  In  the  correct  manner  as  the 
ambient  temperature  varies,  the  frequency  of  oscilla¬ 
tion  Is  kept  constant.  The  bias  or  compensation 
voltage  Is  determined  to  a  large  extent  by  the 
frequency/temperature  coefficient  of  the  crystal  and 
using  the  Meiers trass  theorem,  the  voltage  can  be 
expressed  as: 


CH10S7-<Vt3/0000  0442  $1.00  ©  1003  IEEE 
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V-V*,  (T-T1  )«2(T-T1  J^T-T,  )3+. .  .♦•„(T-T1  )n  < ' 1 > 

where  V  -  bias  or  compensation  voltage 
an  ■  weighting  coefficient 
T  •  temperature 

>  reference  temperature 


Some  non-llnearitltes  are  Introduced  by  the 
variable  capacitance  diode  but  these  are  usually 
small,  and  a  good  approximation  to  the  desired 
compensation  voltage  Is  obtained  using  the  first 
four  terms  of  the  power  series.  Precision 
compensation  Is  achieved  by  adding  higher  order 
terms  such  as  the  fourth  and  fifth  order. 

The  Integrated  circuit  which  has  been  designed, 
generates  four  voltages,  each  varying  as  a  function 
of  temperature.  One  voltage  is  constant  while 
the  others  have  a  linear,  quadratic  and  cubic 
variation  with  temperature  respectively.  The 
compensation  voltage  Is  obtained  by  summing  these 
voltages  In  an  operational  amplifier  using 
suitable  coefficient-setting  resistors. 

The  Integrated  circuit  does  not  generate  voltages 
of  the  form  a^T-T^)”.  These  terms  are  difficult 

to  generate  accurately  and  are  subject  to 
measurement  errors.  The  Integrated  circuit 
generates  voltages  corresponding  to  the  Chebyshev 
polynomials.  The  equations  of  the  first  four 
Chebyshev  polynomials  are: 

T0(X)  -  1  (2) 

^(X)  -  X  (3) 

T2(X)  2X2  -  1  (4) 

T3(X)  «f  4X3  -  3X  (5) 

figure  1  shows  these  polynomials  plotted  as  a  graph. 
Equation  1  can  be  re-written  as: 

V**oTo(X)+*iTi(X)+a2T2(X)+a3T3(X)+. .  .4tnyx)  (6> 

Apart  from  the  constant,  the  dominant  terms 
are  the  linear  and  the  cubic  terms,  and  Tj(X)  alone 

Is  a  good  approximation  to  the  desired  compensation 
voltage.  The  Chebyshev  polynomials  also  have  the 
following  advantages: 

(I)  the  range  of  values  of  the  weighting 
coefficients  Is  smaller  since  the  Chebyshev 
polynomial  T3(X)  Is  a  better  Initial 

approximation  to  the  desired  compensation 
voltage. 

(II)  the  sensitivity  of  the  synthesized  compensation 
voltage  to  changes  In  the  Chebyshev  polynomials 
is  reduced,  since  the  weighting  coefficients 
are  smaller  In  value. 


(ill)  the  Chebyshev  polynomials  have  an  equi- 

oscillation  property.  The  error  between  the 
synthesized  compensation  voltage  and  the 
desired  compensation  voltage  must  have  this 
equl-osclllatlon  property  and  It  Is  more 
easily  obtained  using  Chebyshev  polynomials. 

IHTE GRATED  CIRCUIT  DESIGN 

A  block  diagram  of  the  elements  of  the  compensation 
system  is  shown  in  figure  2.  The  constant  voltage 
is  generated  using  a  voltage  stabilizer  and  generates 
a  temperature  Invariant  voltage  using  a  bandgap 
reference  circuit.  The  linear-varying  voltage  with 
temperature  Is  generated  using  the  temperature 
coefficient  g f  the  base-emitter  junction  voltage  of 
a  transistor,  operated  at  constant  emitter  current. 
Two  currents  are  generated:  one  (IA)  has  a  negative 

linear  temperature  coefficient  and  the  other  (IB) 

has  an  equal  and  opposite  positive  linear  temperature 
coefficient.  Figures  3  and  4  show  circuits  which 
could  be  used  to  generate  the  currents  IA  and  IB 

respectively.  Current  IA  Is  used  to  generate  a 

voltage  which  varies  In  a  linear  manner  with 
temperature . 

The  currents  IA  and  1B  are  then  used  to  generate  other 

currents  with  quadratic  and  cubic  variations  with 
temperature.  An  analogue  multiplier  as  shown  In 
figure  5  is  used,  and  an  analysis  of  this  circuit 
shows: 

y<w  tw  (6) 

h  *  U 

In  the  first  analogue  multiplier,  used  to  generate 
a  current  with  a  quadratic  variation  with 
temperature,  Ij  «  I2  ■  IA  and  I3  •  I4  «  IB. 

>0-  -<'.V  17) 


Since  IA  and  IB  have  equal  and  opposite  temperature 
coefficients,  the  sum  of  IA  and  Ig  is  constant  and  so 
current  IQ  has  a  quadratic  variation  with  temperature. 

This  current  can  then  be  used  to  generate  a  voltage 
with  a  quadratic  variation  with  temperature. 

A  second  analogue  multiplier  Is  used  to  generate  a 
current  with  a  cubic  variation  with  temperature.  Tills 
uses  the  circuit  as  shown  in  figure  5,  and  equation  6 
Is  used  to  determine  the  output  current!  lj  Is  set 

equal  to  IA  and  IA  set  equal  to  IB.  I2  Is  the  current 

generated  by  the  first  multiplier  and  has  a  quadratic 
variation  with  temperature.  13  Is  a  content  current. 
With  these  values,  the  output  current  from  the  second 
multiplier  is: 


V*B 
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-(W’o  '  ^constant  (9) 

IA+IB  XA+IB 

I01  1$  composed  of  two  terns,  one  which  has  a  cubic 

variation  with  temperature  and  the  other  which 
has  a  linear  variation  with  temperature. 

I  ^  therefore  varies  with  temperature  In  a  manner 
similar  to  the  Chebyshev  polynomial  T3(X).  A 

voltage  with  a  cubic  variation  with  temperature 
can  easily  be  generated  using  the  current  IQ'. 

The  summing  amplifier  1$  a  high-gain  operational 
amplifier  and  uses  a  differential  Input  stage 
followed  by  a  class  AB  output  stage.  The  range 
of  compensation  voltage  which  can  be  generated 
Is  to  within  0.7 V  of  either  supply  voltage  of  the 
Integrated  circuit. 

Figure  6  shows  a  typical  set  of  voltages 
generated  by  the  Integrated  circuit  over  the 

temperature  range  1?0°C  to  -55°C. 


COMPENSATION  METHOD 

In  order  to  compensate  a  crystal  oscillator  using 
this  method  of  compensation,  the  values  of  five 
resistors  have  to  be  determined.  These  resistors 
set  the  values  of  the  coefficients  and  they  are 
determined  from  data  measured  at  a  number  of 
temperatures  over  the  operating  temperature  range. 
At  each  of  these  temperatures  the  compensation 
voltage  needed  to  keep  the  oscillator  at  the 
correct  frequency  Is  measured.  The  output 
voltages  which  represent  the  linear,  quadratic  and 
cubic  components  are  also  measured.  A  computer 
program  Is  then  used  to  calculate  the  coefficients. 
This  program  uses  the  exchange  algorithm  to  derive 
the  minimax  linear  approximation  for  the  set  of 
measurement  points.  The  problem  Is  similar  to 
that  of  solving  a  set  of  simultaneous  equations  and 
adjusting  the  coefficients  until  the  errors  between 
the  synthesized  compensation  voltage  and  the 
required  compensation  voltage  are  of  a  specified 
form.  This  approximation  minimizes  the  maximum 
error  between  the  synthesized  compensation  voltage 
and  the  desired  compensation  voltage.  The 
coefficient-setting  resistors  have  a  tolerance  of 
2%.  Once  the  resistors  are  fitted  the  performance 
of  each  oscillator  Is  verified  by  measuring  the 
frequency  variation  of  the  unit  over  the  operating 
temperature  range. 

EXPERIMENTAL*  RESULTS 

Several  prototype  oscillators  have  been  assembled 
using  this  method  of  compensation.  The  Integrated 
circuit  Is  capable  of  operating  from  a  supply 
voltage  between  4.SV  and  1SV.  The  current 
consumption  of  a  compensated  oscillator  Is  less 
than  1mA.  The  frequencies  of  the  prototype 
oscillators  are  between  4MHz  and  10MHz  and  the 
tolerances  achieved  have  varied  between  aO.Sppm  and 
±0.9ppm  over  the  temperature  range  85°C  to  -40<>C. 


Figure  7  shows  the  frequency  variation  of  one  of 
these  oscillators  and  the  graph  shows  the  equl- 
osclllatory  behaviour  of  the  frequency  variation. 
The  typical  range  of  compensation  voltage  generated 
by  the  Integrated  circuit  lies  between  IV  and  5.5V, 
and  the  error  In  the  synthesis  of  the  compensation 
voltage  Is  from  *40mV  to  t80mV. 


CONCLUSIONS 

An  Improved  method  of  temperature  compensation  has 
been  described.  It  Is  Intended  for  the  compensation 
of  oscillators  employing  AT-cut  crystals,  although 
compensation  of  oscillators  with  other  temperature 
coefficients  Is  possible.  The  performance  of  the 
prototype  oscillators  indicates  that  large  volume 
production  of  oscillators  employing  this  method  of 
compensation  can  be  achieved.  These  oscillators 
would  typically  have  a  frequency  tolerance  of  *lppm 
over  the  temperature  range  85°C  to  -40<>C,  a  current 
consumption  of  1mA,  and  a  package  volume  of  six 
cubic  centimetres. 
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Summary 

This  paper  describes  a  new  frequency  temperature 
compensation  method  for  crystal  oscillators.  The 
method  is  applicable  to  resonators  with  second  order  or 
third  order  frequency  temperature  characteristics. 
Hence,  an  oscillator  with  an  AT  cut,  a  BT  cut  crystal 
unit  or  a  surface  acoustic  wave  resonator  (SAWR)  can  be 
efficiently  compensated. 


A  conventional  temperature  compensated  crystal 
oscillator  (TCXO)  uses  an  expensive  variable  capaci¬ 
tance  diode  (varactor)  with  good  linearity  as  well  as 
many  thermistors. 


Considerable  efforts  have  been  devoted  to  develop¬ 
ing  a  new  reactance  circuit  to  replace  the  varactor. 

It  was  found  that  a  series  circuit,  involving  a  capaci¬ 
tor  and  a  silicon  diode,  had  the  same  characteristics 
as  a  varactor,  and  its  linearity  could  be  easily  ad¬ 
justed. 


These  requirements  for  an  expensive  varactor  with 
good  linearity,  many  thermistors,  a  selected  crystal 
unit  with  good  frequency  temperature  characteristics 
and  the  complicated  calculation  to  determine  the  indi¬ 
vidual  component  values  make  an  oscillator  considerably 
complicated  and  hence  expensive  to  manufacture. 

With  progress  in  integrated  circuit  (IC)  tech¬ 
nology,  a  digitally  controlled  TCXO  has  been  developed. 
The  adjustment  is  easy,  but  high  pester  consumption  and 
poor  short  term  frequency  stability  are  problems. 

This  paper  presents  a  new  frequency  temperature 
compensation  method.  The  method  requires  only  one 
thermistor  and  no  varactor.  It  can  be  easily  applied 
to  compensate  for  changes  in  frequency  temperature 
characteristics  for  an  AT  cut  crystal  unit,  a  BT  cut 
crystal  unit  or  a  SAWR. 


In  the  case  of  an  AT  cut  crystal  unit  with  third 
order  frequency  temperature  characteristics,  compensa¬ 
tion  over  a  wide  temperaturjr  range  can  be  achieved  by 
using  two  series  circuits. 


ur»  ranc 


The  compensation  in  the  low  temperature  range  can 
be  accomplished  independently  from  the  compensation  in 
the  high  temperature  range.  Component  values  calcula¬ 
tion  is  simple  and  requires  no  computer.  The  same 
method  can  be  applied  to  a  high  frequency  oscillator 
which  uses  a  SAWR. 


Compensation  Principle 

A  TCXO  consists  of  two  basic  sections,  as  shown  in 
Fig.  1,  a  voltage  controlled  oscillator  (VCO)  section, 
which  must  be  compensated  for,  and  a  frequency  tempera¬ 
ture  compensating  section. 

A  conventional  vco  uses  a  varactor.  The  relation¬ 
ship  between  junction  capacitance  Cj  and  varactor 
control  voltage  VR  can  be  expressed  as: 


Several  experimental  results  are  shown,  which 
include  a  12  MHz  AT  cut  crystal  unit,  a  600  kHz  BT  cut 
crystal  unit  and  a  150  MHz  SAWR.  It  was  confirmed  that 
the  one  order  compression  is  possible  over  a  wide 
temperature  range. 


Introduction 

Temperature  compensated  crystal  oscillators 
(TCXOs) •  which  include  crystal  units  or  SAWRs,  have 
been  widely  used  in  cosmunication  systems.  Most  of 
TCXOs  use  thermistors  as  temperature  sensors  and  a 
varactor  as  a  variable  reactance  element.  1-6 

At  least,  three  thermistors  are  necessary  to 
compensate  for  the  change  in  the  AT  cut  crystal  unit, 
whose  frequency  temperature  characteristics  are  approx¬ 
imated  by  a  third  order  function.  7 

A  SAWR  or  BT  cut  crystal  unit,  whose  frequency 
temperature  characteristics  are  approximated  by  a 
second  order  function,  requires  at  least  two  thermis¬ 
tors  8.  The  varactor  should  have  good  linearity.  The 
calculation  of  values  for  each  component  is  rather 
complicated  and  usually  requirea  a  computer. 
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where 


K  :  constant 

(S  :  contact  potential 

m  :  capacitance  variable  ratio 

A  major  problem  in  the  use  of  a  varactor  is  that 
only  the  tuning  ratio  across  a  particular  voltage  range 
is  specified.  A  considerable  variation  exists  in  the 
capacity-voltage  function  curve. 

Measured  data  for  several  varactors  are  shown  in 
Fig.  2.  It  is  difficult  to  obtain  a  good  linearity  in 
oscillating  frequency  versus  control  voltage  charac¬ 
teristics  for  a  VCO  with  a  varactor.  The  present 
method  replaces  the  varactor  with  a  series  circuit 
employing  a  capacitor  and  a  forward  operational  diode, 
as  shewn  in  Fig.  3. 

Figure  4  shows  an  equivalent  circuit  for  Fig.  3. 
Equivalent  capacitance  Ce  is  given  < 
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where 

u  :  2*f 

r  :  forward  operational  diode  resistance 
C a:  capacitance  as  part  of  the  crystal  load 
capacitance 

Cb:  capacitance  of  connected  in  series  with  a 
diode 

The  relationship  between  diode  current  I  and  diode 
voltage  V  is  given: 

a v 

1  -  !•  <•  *T  _  1)  ... 


It  should  be  noted  that  in  pig.  5,  the  change  in 
the  equivalent  capacitance  diminishes  at  a  low  as  well 
as  at  a  hiqh  current. 

In  other  words,  the  capacitance  change  is  promi¬ 
nent  only  in  the  diode  transition  range  from  turn  off 
to  turn  on.  Hence,  several  series  circuits  can  be 
incorporated  in  parallel  and  operated  independently,  if 
on-off  voltages  for  individual  diodes  do  not  overlap. 


Design  Procedure 

Designing  the  compensating  section  for  an  AT  cut 
crystal  unit  with  third  order  frequency  temperature 
characteristics  proceeds  in  three  steps: 

(1)  Compensation  at  an  intermediate  temperature  range. 

(2)  Compensation  at  a  lew  temperature  range. 


where 

T  :  absolute  temperature 
Is:  saturation  current 
q  :  magnitude  of  charge  of  the  electron 
k  :  Boltzmann's  constant 

Then,  forward  operational  diode  resistance  r  is 
obtained  by  Eq.  (3)  differentiation: 


(3)  Compensation  at  a  high  temperature  range. 

Figure  6  shows  a  circuit  diagram  for  the  oscilla¬ 
tor.  Temperature  variable  capacitance  C&  is  for  com¬ 
pensation  in  the  intermediate  temperature  range.  The 
series  circuit  including  capacitance  Cj  and  diode  RCj 
and  resistances  R2,  R3.  rh  are  for  the  compensation  in 
the  low  temperature  range,  whereas  C4,  BCj,  R5,  R$  and 
R7  are  for  compensation  in  the  high  temperature  range. 
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From  Eqs.  (2)  and  (4),  the  relationship  between 
equivalent  capacitance  Ce  and  diode  current  I  can  be 
derived,  as  follows: 
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Figure  5  shows  the  calculated  Ce  results  as  func¬ 
tions  of  diode  current  I.  The  maximum  Ce  value  can  be 
easily  adjusted  by  changing  capacitor  Cb. 


The  relationship  between  load  capacitance  change 
for  a  crystal  unit  or  a  SAWR  and  the  oscillating  fre¬ 
quency  change  is  expressed  as: 


A(4f/f ) 


(6) 


where 


Y  :  capacitance  ratio 
Cq:  parallel  capacitance 
C^:  load  capacitance 


From  Eqs.  (2)  (6) ,  required  forward  diode  cur¬ 

rent  I,  to  compensate  for  the  frequency  change,  can  be 
obtained  as  follows: 
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where 


Figure  7  (a)  shows  the  frequency  temperature 
characteristics  of  the  VCO  section  to  be  compensated 
for.  First,  the  slope  at  the  intermediate  temperature 
from  T2  to  T3  is  compensated  for  by  selecting  capaci¬ 
tance  value  of  C5  and  C7.  The  balance  shown  in  Fig.  7 
(b)  exhibits  prominent  variation  only  at  low  and  high 
temperature  ranges. 

Compensation  at  the  low  temperature  range  is 
accomplished  first  by  selecting  C3,  which  determines 
maximum  deviation,  and  diode  threshold  voltage,  deter¬ 
mined  by  R3  and  Ri,. 

Then,  minor  R3  adjustment  is  carried  out  to  match 
characteristics  in  transition.  Diode  RC2  can  be  disre¬ 
garded,  because  it  is  cut  off  at  a  low  temperature 
range. 

Similarly,  compensation  at  the  high  temperature 
range  is  accooqplished  by  selecting  Ci,,  R5,  R$  and  R7. 
Although  diode  RC(  is  on  at  this  temperature  range,  its 
effect  on  frequency  is  saturated  and  hence  negligible. 

Diode  conditions  are  shown  in  Fig.  8.  The  diode 
RCi  operates  as  variable  resistance  in  the  low  tempera¬ 
ture  range.  The  diode  RC2  operates  as  variable  resis¬ 
tance  in  the  high  temperature  range. 

Designing  of  compensation  for  a  BT  or  a  SAWR 
requires  only  compensation  at  low  and  high  temperature 
ranges . 

An  oscillator  circuit,  similar  to  that  shown  In 
Fig.  6,  is  used.  Diode  RC2,  however,  is  reversely 
connected,  so  that  the  diode  is  gradually  back  biased 
when  temperature  increases. 

All  these  procedures  are  programmed  in  a  desk-top 
calculator. 

Compensations  in  low,  intermediate  and  the  high 
teeqmrature  ranges  are  carried  out  almost  Independ¬ 
ently.  Experiments  have  yielded  excellent  results. 
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Experimental  Results 

First  compensation  experiments,  using  an  AT  cut  12 
MHz  crystal  unit  are  presented.  Figure  9  is  an  overall 
compensated  result.  The  less  than  ±1  ppm  frequency 
variation  is  achieved  over  the  from  -20"C  to 
temperature  range. 

Figure  10  shows  the  C3  capacitance  change  effect 
in  the  compensation  in  the  low  temperature  range.  The 
parameter,  a  is  the  present  change  in  capacitance. 

Figure  11  shows  the  R3  effect  on  compensation  in  a 
high  temperature  range.  Fine  tuning  for  temperature 
frequency  characteristics  in  the  low  temperature  range 
can  also  be  done  by  R3  selection. 

It  is  also  noted  that  the  variation  in  charac¬ 
teristics  in  the  high  temperature  range  is  very  small. 

Hence,  the  adjustment  is  almost  independent. 

Figure  12  shows  the  C4  effect  on  characteristics 
in  the  high  temperature  range.  There  is  no  effect  on 
characteristics  in  the  low  temperature  range. 

The  frequency  temperature  compensation  result,  for 
a  600  kHz  BT  cut  crystal  unit  is  shown  in  Fig.  13.  A 
±8  ppm  frequency  stability  was  achieved  across  the  0°C 
to  60°C  temperature  range. 

The  frequency  temperature  compensation  result 
using  a  150  MHz  SAWR,  is  shown  in  Fig.  14.  A  ±10  ppm 
frequency  stability  was  achieved  across  the  -20“C  to 
lO'c  temperature  range. 

External  and  internal  views  of  TCOs,  using  an  AT 
cut  crystal  unit  and  a  SAWR,  are  shown  in  Fig.  15.  In 
the  case  of  the  crystal  unit,  its  volume  is  about  4  cm* 
and  the  weight  is  about  9  g.  And  in  the  case  of  the 
surface  acoustic  wave  resonator,  its  volume  is  about  9 
cm*  and  the  weight  is  about  15  g. 
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Conclusion 


A  new  frequency  temperature  compensation  method 
has  been  described  which  can  be  used  to  compensate  for 
resonators  with  second  order  or  third  order  frequency 
temperature  characteristics. 

The  merits  of  the  present  method  are  as  follows: 

(1)  No  varactor  is  needed. 

(2)  Only  one  thermistor  is  necessary. 

(3)  Separated,  simple  compensation  is  used  in  the  low 
and  high  temperature  ranges. 

(4)  Hide  temperature  range  compensation  can  be  possi¬ 
ble. 

(5)  It  is  suitable  for  a  small  size  TCO. 


Fir,  1  Block  tflagrae  of  TOO 


Acknowledgment 

The  authors  express  their  thanks  to  Prof.  M.  Onoe, 
University  of  Tokyo,  for  his  valuable  diecussion.  They 
also  wish  to  express  their  thanks  to  Mr.  M.  Oyama  and 
Dr.  S.  Nonaka,  for  their  encouragement. 


Junction  capacitance  CJ  ( 


•»“*'3  OaauCajJ  ,  ,  (tans  (HHtUi 


Flf.  6  mod*  condition* 


) 


-•+ 


uncompontaiod 
ICr;«tal  gfti I  ) 


Comporuolod 


»  Mm  I  -  ■  ■  i- 

•20  0  20  *0  «0  *0 

Tmantan  ( *C  I 


ri|.  9  Irmne;  tcapsratarc  chcractfrliUu 
UIMU  II  cut  crystal  unit) 


Pig.  11  calculated  frequency  vs.  teaperature  chrac tarlatlca 
due  to  raalatanca  chatfa  In  raalator  B) 


PI*.  12  Calculated  fraqaeacy  aa.  taaparatura  ekaractarlsttea 
daa  to  eapecitaace  ckaac*  la  capacitor  eg 


H|,  10  ealaalatad  fracases?  pa.  teaperatara  characterlatlea 
da*  ta  aapaattaaaa  ckaa*a  la  capacitor  CJ 


Fig.  H  Equivalent  circuit  of  •  new  circuit 


rif .  7  MlniNiUf  Mem  eryttd  unit  frequency  vn.  mpcfcUrt 

(iWMtcrtitiM  m4  *c«ir«4  canycn— ting  cMitM  HaiMUrtctuc 


) 


?'l 


m 


(Crystal  Halt) 


ADP002514 


AN  ULTRASTABLE  CRYS TAL  OSCILLATOR 
FOR  BEACONS  (PROGRAM  SARSAT) 

A.  STAHL 

QUARTZ  ET  ELECTRONIQUE-AICATEL 
1,  rue  d 'Anjou  -  92602  ASNIERES  -  FRANCE 

M.  BRUNET 

OSS,  18  av.  E.  Bel  in  -  310S5  TOULOUSE  -  FRANCE 


SUMMARY 


An  oven  controlled  oscillator  has  been 
develqpped  by  QE.A  in  collaboration  with  the  C.N.E.S. 
to  equip  beacons  for  the  SARSAT  project. 

The  aim  of  this  project  is  to  speed  up 
rescue  operations  by  pinpointing  targets  through 
precise  satellite  observation. 

The  means  of  location  are  i 

-  on  board  equipment  assuring  reception  and  pre¬ 
processing  of  the  collected  data. 

-  ground  stations  for  processing  data  sent  by 
satellite  in  real  time  to  local  security  stations. 

-  distress  beacons  at  406  Miz  adapted  to  the  spice 
system.  These  beacons  contain  an  ultra  stable 
oscillator  the  characteristics  of  which  condition 
the  performance  of  the  whole  system. 

Inprovements  over  other  similar 
oscillators  have  been  made  with  regard  to  size, 
power  consumption,  resistance  against  shock  and 
vibration. 


This  project  will  lead  to  equiping  NQAA 
meteorological  satellites  of  the  THUS  with  repeaters 
foe  the  121.5/243  and  406  Miz  frequency  bands  and 
406  Miz  processors.  These  satellites  are  low-orbiting 
and  cover  the  whole  globe  in  less  than  12  hours. 

The  first  satellite  was  launched  in 
April  1982  and  two  USSR  Spacecraft  are  also  in  orbit 
now  with  the  same  function  as  the  American  one. 

The  406  Wz  system  constitutes  an  original 
contribution  by  the  C.N.E.S.  to  the  SARSAT  program 
and  is  the  result  of  experience  acquired  in  the  field 
of  location  and  data  collection  from  the  ARGOS 
system  currently  exploited. 

In  case  of  distress  the  406  Miz  beacons 

will  transmit  every  50  seconds  a  short  message  of 
about' 500  ms  containing  information  to  be  processed 

in  the  spacecraft.  The  beacon  includes  a  message 
coding  system,  an  ultrastable  oscillator  (U.S.O.)  and 
a  modulator  transmitter  controlled  by  the  U.S.O.  Rower 
supply  is  provided  by  a  battery  of  oslls  ensuring 
operation  for  at  least  48  hours. 


The  SARSAT  Program 

The  SARSAT/OC6PAS  program  issues  from 
a  prccass  developed  by  the  U.S.A.,  Ceneda  and  franca, 
and  coapc lees  two  aapacts  t  first  an  iaprctfeomnt  at 
the  search  and  reecue  system  based  on  ths  use. of  the 
presently  existing  121.5/243  MU  distress  besom, 
end  second  ths  desmetration  of  the  adventage 
offered  by  s  new  concept  using  406  me  besom. 
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The  precisian  in  locating  a  target  is 
directly  related  to  the  performances  of  the  D.S.O. 
which  will  now  be  deecribed. 

vmwnmns 
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A  stringent  requirement  is  frequsnry  sta¬ 
bility  in  ths  presence  of  *  thermal  gradient  t  that 


is  to  say  no  more  than  S-10~10/°C  of  frequency 
deviation  is  allowed  for  in  the  presence  of  a  tem¬ 
perature  variation  of  I’C/Min.  For  this  reason  a  TC 
oscillator  was  eliminated  and  choice  was  made  for 
an  oven  controlled  one,  despite  its  larger  power 
consumption.  In  fact  the  biggest  difficulty  en¬ 
countered  was  the  reduction  of  power  ocnsurpticn, 
so  the  primary  objective  was  to  develop  a  technology 
able  to  preserve  a  high  vacuum  inside  the  package 
for  several  years. 

For  these  reasons  the  oscillator  is  mounted  inside 
a  108  package  hermetically  sealed  and  suspended  in 
a  vacuum  box  ;  (only  the  voltage  regulator  and 
adjustment  device  are  located  on  a  PC  board  outside 
the  vacuum  package) . 

Ihis  box  (Fig.1)  is  composed  of  a  header 
with  glass  feed  through  and  of  an  outer  casing  of 
stainless  steel  welded  by  the  TIG  process  to  the 
header  and  provided  with  a  punping  pipe  at  its  top. 

Figure  2  shows  how  the  oscillator  package 
is  fixed  :  the  upper  side  of  the  108  case  is  attached 
by  a  stretched  stainless  steel  wire  at  the  top  of  a 
frame  work,  while  the  lower  part  is  provided  with 
3  hooks  on  which  3  stainless  steel  loops  are  fixed, 
maintaining  the  entire  package  suspended. 


Wheat  +  wel  “  Wrad  +  Wocn 
where 

wrad  “  e*****®*1  power  ( ~  30  rtf) 

Wcon  -  thermal  loss  through  the  suspending  wins 
and  electrical  conducting  wires.  (Beat 
conduction  through  the  residual  gas  is 
neglected.) 

The  measured  power  oonmaption  at  dif¬ 
ferent  temperatures  is  as  follows  : 

at  -  40®C . 200  rtf 

+  25  #C . 130  rtf 

+  55°C . 100  rtf 

The  vacuum  problem 

Figure  4  shows  the  power  consumed  in 
accordance  with  the  residual  gas  pressure .We  can  ese 
that  a  pressure  of  at  least  1.10  *  fcorr  has  bo  be 
ireintained  to  assure  good  thermal  isolation.  This 
means  that  the  average  leakage  rate  (or  outgaaing 
rate)  must  lie  under  2,5.10-14  tore  1/s  if  the 
pressure  is  not  to  be  exceeded  over  a  period  of  3 
years  (fee  instance) .  Such  a  low  rate  is  not  directly 
measurable  but  experience  has  shewn  that  this  can 
be  achieved. 


This  mechanism  yields  a  very  high  resis¬ 
tance  against  shocks  and  vibrations. 

The  electrical  connection  wires  are  also 
made  of  stainless  steel,  in  the  form  of  a  coil  to 
minimise  thermal  conduction. 

Thermal  considerations 

The  diagram  on  Figure  3.  gives  us  an 
idea  of  what  the  calculations  are  : 

The  total  power  oonsrmption  is  : 

w-Ww®i  +  *W 

"rsg-50"" 

W#1  -  30  rtf  taken  up  by  the  electronics 

■  power  bo  eminbain  the  T08  oaee  at  70*C. 
Vie  thermal  equilibritmi  of  the  106  ie  obtained 


In  fact  there  are  3  ways  in  which  the 

vacuus  might  be  inpaired  t 

-  perinea  tier  through  the  case  walls,  rtiich  is  ne~ 
gllgaable. 

-  Degasing  from  materials  inside  the  case  >  to  mini¬ 
mize  this  effect  no  organic  materials  were  allcmd 
and  mainly  stainless  steel  ueed.  Baking  of  each 
part  and  very  clean  processing  is  of  paramount 
importance. 

-  leakage  through  welding  defects  or  inefficient 
feedthrough.  lest  but  not  least  a  low  temperature 
activa table  getter  (from  SMB)  is  placed  inside 

the  vacuum  specs,  rtiich  greatly  Uprovee  the  vacuum. 
An  especially  interesting  fast  about  thia  getter  is 
the  possibility  of  reactivating  it  several  tUrna 
Airing  the  life  time  of  the  oscillator. 

About  20  oscillators  have  bean  fetid. 


acne  having  a  12  month  shelf  life,  either  in  our 
factory  or  in  the  C.N.E.S.  Laboratories,  and  the 
following  observation  has  been  nade  :  either  the 
pressure  goes  up  along  with  power  consumption,  and  in 
this  case  all  we  can  do  is  recover  the  TO8  package 
with  the  oscillator  and  mount  it  in  an  other  case, 
or  the  power  consumption  remains  constant  and  the 
unit  retains  its  initial  characteristics. 


Electrical  design  features 

To  achieve  low  consumption  the  choice 
was  made  of  a  Pierce  type  oscillator  using  a  fun¬ 
damental  node  quartz.  As  shown  in  figure  S.  this 
oscillator  is  ccoposed  of  4  parts  : 

-  an  oscillating  circuit  and  means  of  adjustment 

-  an  HP  anplifier  and  buffer  for  SO  ohm  operation 

-  a  heating  device,  that  is  a  transistor  soldered 
on  to  the  106  header 

Obese  3  devices  use  hybrid  circuit  technology 
(Figure  6) 

-  finally  a  voltage  regulator  located  outside  the 
outer  b«. 

To  avoid  contamination  of  the  quartz  which 
would  lead  to  a  poor  aging  rate  a  very  clean  process 
is  needed  and  each  part  is  baked  at  a  temperature  in 
accordance  with  the  nature  of  the  material. 

The  table  1  shows  the  principal  charac¬ 
teristics  of  the  U.S.O.^both  short  and  medium  term 
stability  are  necessary  to  ensure  a  proper  function¬ 
ing  of  the  phase  lock  loop  of  the  on-board  processor 
as  well  as  precise  location  :  the  aim  is  to  have  not 
more  than  1  to  2  kms  error.  And  to  achieve  this  the 
mean  slops  of  the  frequency  shift  has  to  be  no  more 
than  8.10”  10/sin  ewer  15  min.  (Figure  7) . 

qacupgi 

An  ultrastabla  oscillator  with  low 
power  consumption  has  been  developed  to  mat  the  re- 
quirawnts  of  the  SAMKT  program,  in  view  of  its 
vary  characteristics  other  uses  foe  this  oscillator 
may  also  be  envisaged. 


power  caewmoN  . . .  at  -  «*c  «  200  m  i*m 

*  2S*C  *  140  I*r  «‘ 

+  50»C  j  100  nW  • 

FREQUENCY  SBiBILm .  Between  -  to'C  and  +  55«C  ...  <  $.10"® 

fBU^aJOKSLam  ^  <  e.io-’Vn,  ,5  «m. 

WMW  UP  TPC  at  -  40°C  :  4  min.  ;  »  2.10-7 

SHORT  TERM  STABILITY  .......  5.10-10,  T  -  1.10-1  sec. 


OUT  PUT . .  140  mV/50 /L  (V  «  14  -  30V) 

HOUSING .  0  32  an  H  -  37  ran 

WEIGHT  . .  60  g 

SHOCK  .  100  g  6  ns  3  axis 


VXBWCTIONS 


5  -  2  OOO  Hz  7  g.  1  oct/min. 

operating  material 

2  000  Hz  10  min. 


modeling  of  m  INVERTOR  amplifiers  as  applied  to 
OVERTONE  CRYSTAL  CLOCK  OSCILLATORS 

Dan  Nehring 
CTS  Knights 
400  Reiaann  Ave. 

Sandwich,  IL  60548 


Methods  have  been  developed  for  analysis  of  clock 
^j^oscillator  circuits  which  utilize  TIL  inverter  gates 
^^^as  active  devices.  Equivalent  circuit  parameter  values 

Ohave  been  measured  for  Schottky  TTL  inverter  anplifiers 
and  used  in  computer  analysis  of  oscillator  circuits. 
Gomputer  optimization  of  third  overtone  oscillators 
has  been  done  using  the  models  developed  for  the  TTL 
inverters.  The  basic  circuit  consists  of  a  biased 
TTL  inverter  driving  a  notch  filter  with  a  coupled 
dual  monolithic  resonator  completing  the  feedback  loop 
back  to  the  anplifier  input.  Haling  the  notch  filter 
to  the  fundamental  crystal  frequency  inhibits  funda¬ 
mental  mode  oscillations  and  allows  third  overtone 
mode  oscillations  to  occur.  Several  variations  of 
this  circuit  have  been  computer  analyzed  and  empir¬ 
ically  tested  yielding  good  performance  for  third 
overtone  mode  oscillators. 

Introduction 

Quartz  crystal  clock  oscillators  have  been  pro¬ 
duced  for  many  years  with  the  miniaturized  thick  film 
hybrid  type  being  the  dominant  form  of  construction 
utilized.  These  oscillators  are  produced  in  large 
quantities  using  techniques  that  yield  devices  with 
appropriate  electrical  performance  at  absolute  min¬ 
imum  cost.  A  circuit  that  has  been  utilized  as  a 
fundamental  mode  oscillator  with  success  is  shown  in 
Figure  l.i  This  is  a  simple  circuit  using  few  parts 
and  giving  excellent  electrical  performance.  The 
amplifier  is  a  Schottky  TTL  inverter  which  is  biased 
in  a  linear  mode  via  two  resistors.  This  creates  an 
amplifier  which  has  significant  gain  over  a  range  of 
input  voltages  with  180  degrees  phase  shift.  Os¬ 
cillations  are  generated  by  the  feedback  of  the 
monolithic  resonator  on  its  symmetric  mode  of 
resonance.2 

Figure  2  is  a  third  overtone  adaptation  of  the 
fundamental  circuit.  This  circuit  is  proposed  as  a 
simple,  inexpensive  third  overtone  oscillator.3  Ad¬ 
vantages  are  that  no  tuned  circuits  are  needed  for 
overtone  selection  and  only  one  semiconductor  die  is 
used  for  all  active  devices.  The  twin-tee  notch  filter 
is  timed  to  the  fiavdamental  frequency  of  the  crystal 
and  blocks  fundamental  operation.  At  the  third  over¬ 
tone  frequency,  the  filter  has  such  less  loss  and 
third  overtone  oscillations  occur. 

A  second  important  function  performed  by  the  notch 
filter  is  that  of  lead  compensating  the  amplifier. 

Since  the  TTL  inverter  is  made  up  of  several  transistor 
stages,  an  inherent  propagation  delay  exists  across 
the  amplifier.  Schottky  Inverters  typically  exhibit 
a  2-5  ns  delay  which  translates  into  a  phase  lag  whose 
magnitude  depends  on  the  frequency  of  operation.  If 
the  frequency  of  operation  is  not  too  great,  as  in  the 
case  of  a  fundamental  oscillator,  the  phase  lag  will 
not  be  a  problem.  However,  a  third  overtone  clock 
operating  at  40  MJz  encounters  a  30  to  40  degree  loop 
phase  error  due  to  the  amplifier  phase  lag.  Since  a 
twin-tee  notch  filter  acts  as  a  lead  network  at  a 
frequency  three  tines  its  notch  frequency,  (Figure  3) 
it  cm  offset  the  phase  lag  of  the  mqrlifier  and  allow 
the  monolithic  resonator  to  operate  at  its  proper 
110  degree  phase  frequency  and  point  of  maximum  trans¬ 
mission.  In  order  to  properly  optimize  the 


oscillating  loop,  information  was  needed  as  to  the 
characteristics  of  the  TTL  inverter  amplifiers  and  the 
twin-tee  filter. 


1 1500 A 


FIGURE  1 


DUAL  MONOLITHIC  INVERTER  OSCILLATOR 
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WIN- TEE  NOTCH  FILTER  CURVES 
Characterization  of  TTL  Inverter  .Amplifiers 

The  biasing  scheme  for  the  TTL  amplifier  was 
illustrated  in  Figure  1.  The  R1  and  RZ  resistors  will 
place  the  input  and  output  voltages  near  the  mid-point 
of  their  active  region  providing  a  reasonably  linear 
inverting  amplifier.  Modeling  of  this  amplifier  was 
acconpl ished  by  utilizing  a  Z-paraneter  equivalent 
network  as  shown  in  Figure  4. 


of  VI  to  12.  However,  the  presence  of  the  voltmeter 
probe  on  the  aeplifier  input  will  allow  a  significant 
11  to  flow  and  mist  be  included  in  the  calculations. 
Writing  equations  for  the  Figure  7  equivalent  network 
yields  the  equation  for  Z12  shown  in  Figure  7. 
Measurement  of  Z21  is  accosplished  as  in  Figure  8. 

Here  again  the  voltmeter  probe  iapedance  interferes 
with  the  measurement  of  II  through  the  saepling 
resistor  Rs.  Including  this  in  the  calculations  gives 
the  Z21  equation  of  Figure  8.  These  methods  were 
applied  to  amplifiers  and  Z -parameter  empirical  values 
were  obtained. 


II 


12-0 


VI  -  Z11II  ♦  Z12I2 
VZ  -  Z21I1  +  Z22I2 


Equivalent  Network 


FIGURE  4 


Z- PARAMETER  EQUIVALENT  CIRCUIT 


211  “  I!-!  12-0 


Measuring  the  four  Z-parmeters  values  provides  a 
complete  small  signal  ac  equivalent  circuit  for  the 
inverter  amplifier.  Figure  S  shows  the  method  for 
■ensuring  Zll.  Here,  a  vector  ispedartce  meter  is 
applied  to  the  input  with  the  output  open  circuited 
«d  Zll  is  teed  directly  off  the  meter.  Measurement  of 
Z22  is  similar  as  Figure  6  indicates.  By  applying  the 
hqpeimce  meter  to  the  am>lifier  output,  Z22  la  deter- 
■Imd.  M»a«u remit  of  Z12  id  Z21  is  somewhat  a ore 
caeplicated.  Figure  7  shows  the  method  for  measurement 
of  Z12.  Netwnt  theory  indicates  that  212  is  ob¬ 
tained  hy  sotting  fl  to  tero  and  determining  the  ratio 


FIGURE  5 


TEST  SETUP  FOR  Zll  I 
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Measurement  Results 


Ito  different  biasing  resistor  values  were  in¬ 
vestigated.  Figure  9  shows  both  types.  Both  versions 
put  the  input  and  output  aaplifier  voltages  in  the 
active  region  of  the  inverter’s  transfer  curve.  The 
1200  ohm  bias  resistor  version  offers  better  phase 
stability  as  a  fmction  of  sipply  voltage  while  the 
unequal  bias  resistor  version  provides  increased  gain 
for  more  reliable  oscillations.  Measurements  were 
made  on  sanple  amplifiers  at  room  temperature  in 
accordance  with  the  methods  described  in  the  last 
section.  Amplifiers  were  moulted  on  a  brass  plate 
which  was  utilized  as  a  ground  plane  with  test  connec¬ 
tions  made  with  the  shortest  possible  leads.  A 
Hewlett-Packard  vector  impedance  meter  model  481SA  was 
used  for  Zll  and  Z22  measurements.  This  is  a  low  level 
signal  impedance  meter  and,  therefore,  consistant 
with  the  small  signal  analysis  circuit.  In  measuring 
Z12  and  Z21,  a  Hewlett-Packard  vector  voltmeter  model 
840S  was  used.  For  the  measurement  of  Z12,  Rs  was  50 
ohms,Cg  was  .1  microfarads  and  Cs  was  100  picofarads. 
Voltmeter  connections  were  accomplished  via  BNC  type 
adapters.  This  connection  generated  an  approximate  6 
picofarad  probe  capacitance  which  was  used  for  the  Cp 
value.  VI  is  the  reference  channel  for  the  voltmeter 
and  is  maintained  at  2mV  RMS.  Cs  has  the  effect  of 
eliminating  any  change  in  signal  levels  when  the  second 
voltmeter  probe  is  moved  from  W0  to  V2  (hiring  measure¬ 
ment. 


Z21  measurements  were  made  per  the  Z21  test  set¬ 
up  with  Rs*50  ohms  and  VI,  the  phase  reference,  main¬ 
tained  at  lOmV  RMS.  Z-parameter  values  were  generated 
for  frequencies  from  1  to  65  Mlz  using  Texas  Instru¬ 
ments  SN54S04  dual-in-line  hex  inverters.  Results 
of  the  measurements  are  shown  in  Table  1  and  2  for 
both  bias  resistor  values.  Observing  these  results 
it  can  be  seen  that  the  Zll  term  ranges  from  68  to  160 
ohms  for  both  amplifiers  with  a  decreasing  phase  angle 
as  frequency  increases.  In  both  cases  the  Z21  term, 
which  is  the  feed- forward  gain  of  the  amplifier,  is 
seen  to  have  an  exact  180  degree  phase  relationship  to 
the  input  current  at  low  frequencies  and  steadily 
decreases  as  frequency  increases.  This  is  due  to  the 
propagation  delay  of  the  amplifier  as  previously  dis¬ 
cussed.  Also  the  Z21  magnitude  is  seen  to  be  greater 
for  the  2400,  1500  ohm  biased  amplifier  as  would  be 
expected.  In  both  cases  the  Z22  term  is  seen  to  be 
less  than  twenty  ohms  at  any  frequency  indicating  a 
very  low  output  inpedance. 

In  order  to  verify  the  accuracy  of  the  Z-parameter 
values,  the  test  circuit  of  Figure  10  was  used.  This 
is  an  inverter  amplifier  driven  by  a  generator  with 
100  ohms  in  series  with  its  input.  A  load  of  RL  and 
a  voltmeter  capacitance  Cl  is  present  on  the  output. 

If  a  signal  applied  to  the  input  produces  an  output 
of  the  same  magnitude  and  phase  as  is  predicted  by  a 
computer  using  the  Z-parameter  model,  then  the  Z- 
parameter  values  will  be  considered  to  be  correct. 

Three  different  tests  were  run;  one  using  the  1200  ohn 
bias  resistors  with  a  470  oh#  RL,  one  with  the  same 
bias  with  a  47  ohm  RL  and  one  using  the  2400  ohn,  1500 
ohn  bias  and  a  470  ohn  RL. 

All  three  tests  were  nai  with  the  VO  voltage  at 
lOnAl  RMS.  Circuit  response  was  converted  into  gain 
(V2/V0)  and  compared  to  the  conputer  predicted  per- 
formance  using  the  transfer  fimction  of  Figure  10. 
Figure  11  is  a  comparison  plot  of  predicted  and 
experimental  results  for  the  1200  ohn  biased  anplifier 
with  a  470  ohn  load.  Figure  12  is  the  same  for  a  47 
ohm  load.  In  both  cases,  the  correlation  of  data 
is  seen  to  be  quite  good.  Phase  error  is  typically 


2  to  3  degrees  and  magnitude  error  is  insignificant. 
Due  to  the  high  correlation  of  data,  these  Z-parameter 
values  are  considered  to  be  correct  and  able  to  rep¬ 
resent  the  anplifier  inder  any  source  and  load 
impedance  conditions. 


R2  -  24000 


FIGURE  9 

TWO  PROPOSED  METHODS  OF  AMPLIFIER  BIAS 


Figure  13  shows  the  results  for  the  unequal  bias 
resistor  amplifier.  Here,  phase  angle  prediction  is 
excellent  with  about  a  101  error  in  magnitude  pre¬ 
diction.  The  general  shape  of  both  the  magnitude 
curves  is  very  much  the  same  indicating  reasonably 
good  correlation  of  data.  With  Z-parmeeter  models 
verified,  cosputer  analysis  of  the  oscillating  loop 
can  be  dene. 
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Figure  12. 

Predicted  and  Experimental  Results  of  Z-parameter  Test 
Circuit  With  1200  SI  Bias  Resistors  and  47  Si  Load 
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Figure 

Predicted  and  Experimental  Results  of  Z>parameter  Test 
Circuit  With  Unequal  Bias  Resistors  and  470  0  Load 
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Loop  Optimization 

Figure  14  shows  the  twin-tee  network  utilized.  A 
general  twin-tee  filter  has  6  ccnponents  or  6  vari¬ 
ables  to  be  optimized.  This  many  variables  is 
impractical  to  optimize  simultaneously,  so  the  Figure 
14  network  was  devised  with  three  variables,  R,  C  and 
K.  K  is  an  unbalancing  factor  which  allows  a  variable 
degree  of  dissymmetry  about  a  central  point  in  the 
network.  This  allows  one-half  of  the  network  to  be  at 
one  impedance  level  while  the  other  half  is  scaled  to 
a  different  impedance  level.  This  will  allow  an  op¬ 
timum  network  to  be  solved  for  that  will  not  be 
significantly  inferior  to  one  which  has  all  six  pos¬ 
sible  variables  optimized  at  once.  Furthermore,  if 
the  frequency  of  the  notch  is  fixed  at  one-third  the 
oscillating  frequency,  any  R  value  will  have  only  one 
possible  value  of  C  as  the  following  notch  frequency 
equation  indicates:4 

<<*iotch  * 

This  reduces  the  filter  variables  to  two,  R  and  K. 
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FIGURE  14 
TWIN-TEE  NETWORK 


Figure  15  is  an  ac  equivalent  model  for  the  os¬ 
cillator  of  Figure  2.  The  inverter  has  been  replaced 
with  its  Z-parameter  equivalent  model,  the  monolithic 
resonator  replaced  with  an  ac  equivalent  circuit  and 
the  output  driver  is  represented  as  a  load  of  RL  and 
CL  on  the  inverter's  output.  In  order  to  find  the 
best  values  for  R  and  K,  an  open  loop  technique  was 
used.  The  Z21I1  generator  was  replaced  with  a  test 
generator,  Z21IT.  This  effectively  removes  the  feed¬ 
back  and  opens  the  oscillator  loop.  Since  IT  and  II 
are  the  same  current  when  the  loop  is  closed,  os¬ 


cillations  can  be  predicted  by  searching  for  the  fre¬ 
quency  where  the  phase  of  IT  and  II  are  the  same  and 
the  magnitude  ratio  of  II  to  IT  is  greater  than  1.  A 
computer  was  used  to  search  through  many  values  of  R 
and  K  and  solve  for  the  frequency  of  oscillation  (if 
one  exists)  for  each  set  of  values.  For  many  values 
of  R  in  a  given  range,  the  cooputer  determined  what 
value  of  K  gave  the  most  excess  loop  current  gain  (11/ 
IT)  at  the  zero  phase  frequency.  Then  the  value  of  C, 
K,  frequency,  Il/IT  magnitude  and  Il/IT  phase  (a  number 
very  close  to  zero)  is  printed  out  for  each  R  value. 

For  analysis  of  the  Figure  15  circuit,  a  40  ftfc 
crystal  resonator  was  used  with  the  following  param¬ 
eters: 

FI  ■  40.084789  Nfiz  (symmetric  response) 

F2  »  40.090358  NWz  (anti- symmetric  response) 

FM1  -  89  ohm 
RM2  -  84  ohm 
Oil  =  .000578  pfd 
012  -  .000568  pfd 
LM1  =  27.263  W 
LM2  *  27.747  KH 
Col  ■  2.5  pf 
Co2  -  2.5  pf 
K  -  .000138901 

40  Miz  Z-parameter  values  for  the  2400  ohm,  1500 
ohm  biased  amplifier  were  used  from  Table  2.  RL  - 
256  ohms  and  Cl  "  25.8pf.  These  values  were  determined 
from  input  inpedance  tests  run  on  inverters  biased  in 
the  configuration  of  the  output  driver  of  Figure  2. 
Table  3  is  a  portion  of  the  output  table  of  this  com¬ 
puter  run.  Observing  the  table  indicates  that  the 
largest  value  of  open  loop  current  gain  occurs  when 
R*140  ohms  and  K  «  1.3  at  which  point  the  current 
gain  is  1.747. 

For  increased  gain,  the  circuit  of  Figure  16  is 
proposed.  Here  are  two  inverter  asplifiers  cascaded 
driving  the  notch  filter  and  monolithic  resonator. 

Now  the  two  amplifiers  together  provide  an  approxi¬ 
mate  zero  degree  total  phase  shift  and  the  mono¬ 
lithic  resonator  provides  feedbtck  and  frequency 
control  on  its  third  overtone  anti -symmetric  mode 
of  response.  The  notch  filter  is  present  to  stop 
fundamental  oscillations  and  lead  conpensate  the 
anplifiers.  This  circuit  was  optimized  in  the  same 
manner  as  the  previous  exanple.  This  time  the  1200 
ohm  biased  amplifier  2-parameters  were  used  along  with 
the  same  crystal  parameters.  Table  4  shows  the  com¬ 
puter  output  generated  for  this  circuit.  Best  case 
current  gain  is  10.85  or  20.7  db  and  occurs  at  two 
places;  K  *  1.5,  R  «  200  ohm  and  K  ■  1.3,  R  -  220  ohm. 
This  circuit  has  considerably  more  gain  than  the  single 
inverter  oscillator  and  should  be  a  much  more  reliable 
oscillator. 

Fundamental  Mode  Attenuation 

Obviously  a  most  important  characteristic  of  these 
oscillators  is  that  they  never  operate  on  the  funda¬ 
mental  mode  of  the  crystal.  Analysis  of  the  fundamen¬ 
tal  mode  attenuation  of  these  oscillators  is  possible 
bv  a  modification  of  the  cooputer  program  used  for 
third  overtone  loop  optimization.  For  analysis,  the 
two  inverter  oscillator  of  Figure  16  was  used.  In 
this  case  the  anplifiers  were  biased  with  R2  -  2400 
ohms  and  R1  ■  1500  ohms,  this  being  the  higher  gain  of 
the  two  amplifier  versions  characterized  which  should 
be  the  most  susceptible  to  fundamental  oscillations. 
First  the  circuit  was  optimized  for  third  overtone  op¬ 
eration  using  the  previously  introduced  methods.  The 
same  40  Miz  crystal  parameters  were  used  with  the  notch 
filter  again  timed  to  13.3  Mrlz.  Maximum  open  loop 
current  gain  is  11.11  and  occurs  when  R  *  300  ohm  and 
K  »  1.  By  performing  an  open  loop  current  gain  test 
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at  the  fimdamental  crystal  frequency,  the  probability 
of  fundamental  mode  oscillations  can  be  determined.  A 
frequency  sweep  through  the  fundamental  response  of 
the  circuit  was  done  yielding  the  curves  of  Figure  17. 
The  fundamental  parameters  of  the  same  40  NHz  crystal 
were  used  and  are  as  follows: 


FI  »  13.366090  Wz 
F2  -  13.399720  KHz 
FM1  »  20  ohms 
RM2  «  20  ohms 
OQ  -  .005196  pf 
(M2  -  .005182  pf 
LM1  -  27.220  mH 
LM2  -  27.291  n« 

Col  »  2.S  pf 
Co2  »  2.5  pf 
K  -  .002512886 


The  13  Mlz  Z-parameters  were  linearly  inter¬ 
polated  from  Table  2.  Figure  17  shows  that  at  the 
fundamental  response  peak  the  current  gain  is  .1124 
for  a  loss  of  18.9  db.  At  this  point,  the  loop  phase 
is  49  degrees  off  from  zero  phase,  further  guarantee¬ 
ing  the  absence  of  oscillations.  At  the  point  where 
the  phase  angle  is  zero,  the  gain  is  even  less,  .085, 
or  -21.4  db.  Comparing  this  value  of  circuit  gain  to 
the  value  obtained  for  third  overtone  operation 
(+20.89  db),  indicates  that  the  circuit  has  42.29  db 
more  gain  at  the  third  overtone  zero  phase  frequency 
than  at  the  fundamental  zero  phase  frequency.  Based 
on  this  analysis,  fundamental  oscillations  would  be 
extremely  unlikely  for  the  circuits  proposed  here. 


rirical  Tests  Of  Proposed  Oscillators 


Both  the  single  inverter  oscillator  using  the  un¬ 
equal  bias  resistors  and  the  two  inverter  oscillator 
using  the  1200  ohm  bias  resistors  have  been  con¬ 
structed  and  tested.  The  same  40  NHz  crystal  was 
used  whose  equivalent  circuit  parameters  were  used 
in  the  computer  optimization.  The  chosen  twin-tee 
notch  filter  R,  C,  and  K  values  were  used.  Table  5 
gives  test  results  for  the  single  inverter  oscillator 
using  the  2400  ohm,  1500  ohm  biased  amplifier.  It 
can  be  seen  that  this  oscillator  provides  the  appro¬ 
priate  TTL  output  wave  and  frequency  as  required  over 
the  0°  to  +70°C  tesperature  range.  Table  6  is  the 
performance  for  the  two  inverter  oscillator  with  1200 
ohm  bias  resistors.  Again,  this  data  demonstrates 
acceptable  performance  for  a  third  overtone  TTL  clock 
oscillator. 


Conclusions 

It  has  been  demonstrated  that  biased  TTL  in¬ 
verter  amplifiers  can  be  represented  by  linear  models 
for  small  signal  circuit  analysis.  Techniques  have 
been  developed  for  the  open  loop  analysis  of  clock 
oscillators  that  utilize  these  anplifiers.  The 
Schottky  inverter  has  been  shown  to  have  sufficient 
gain  at  high  enough  frequencies  to  be  used  in  over¬ 
tone  crystal  applications.  The  twin-tee  network 
has  been  shown  to  be  capahle  of  preventing  funda¬ 
mental  oscillations  and  correcting  loop  phase  error 
caused  by  amplifier  propagation  delay. 
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TABLE  1 

Z-PARA*TER  VALLES  FOR  AMPLIFIER  WITH  Rl,  R2 
EQUAL  120QQ,  B+  EQUALS  S.O  VOLTS 


11 
w  • 

Zll 

(MAGNITUDE) 

(PHASE) 

Z12 

(MAGNITUDE) 

(PHASE) 

Z21 

(MAGNITUDE) 

(PHASE) 

Z22 

(MAGNITUDE) 

(PHASE) 

1.000 

0.9100E+02 

0.8951E+00 

0.9616E+03 

0. 3000E+01 

1.00 

-8.44 

179.62 

0.00 

S.000 

0.9200E+02 

0.9045E+00 

0.9529E+03 

0.3000E+01 

-1.00 

7.70 

174.58 

19.00 

10.000 

0.9300E+02 

0.89S9E+00 

0.92S6E+03 

0.3600E+01 

-2.00 

18.46 

168.30 

36.00 

20.000 

0. 9300E+02 

0. 1039E+01 

0.9039E+03 

0.S000E+01 

-6.00 

37.12 

157.61 

59.00 

30.000 

0.9000E+02 

0. 1150E+01 

0. 8425E+03 

0.6800E+01 

-11.00 

53.43 

148.34 

72.00 

40.000 

0.8400E+02 

0. 1377E+01 

0.7883E+03 

0.8800E+01 

-14.00 

66.72 

141.40 

81.00 

50.000 

0. 7700E+02 

0.1S98E+01 

0. 7343E+03 

0 . 1100E+02 

-16.00 

76.35 

134.92 

85.00 

60.000 

0. 7100E+02 

0. 1841E+01 

0.6897E+03 

0. 1300E+02 

-17.00 

87.55 

130.22 

90.00 

65.00 

0.6800E+02 

0.2109E+01 

0.6602E+03 

0.1450E+02 

-18.00 

92.50 

127.79 

94.00 

TABI£  2 


20.000 


Z-PARAICIBR  VALUES  FOR  AMPLIFIER  WITH 
R1  -  15000,  R2  *  24000,  B*  -  5.0  VOLTS 


FFBQ. 

Zll 

Z12 

(HE) 

(MAGNITUDE) 

(PHASE) 

(MAGNITUDE) 

(PHASE) 

1.000 

0.1600E+03 

0.82S3E+00 

1.00 

-10.07 

5.000 

0. 1600E+03 

0.8066E+00 

-6.00 

7.34 

10.000 

0.1570E+03 

0.8331E+00 

0.1420E+03 

-22.00 

0. 1250E+03 


0. 8800E+02 
-37.00 

0.8200E+02 

-38.00 

0.7500E+02 

-38.00 

0.6800E*02 


0.9S44E+00 

36.17 

0.1197E+01 


0.1716E*01 

67.75 

0.1879E+01 

71.48 

0.2069E+01 

74.15 

0. 2292E+01 


Z21 

(MAGNITUDE) 


LU 


0. 1786E+04 
178.34 

0.1719E+Q4 

168.92 

0.1636E+04 


0.1383E+04 

142.74 

0.1219E+04 


0.8955E+03 

117.35 

0.8491E*03 

114.57 

0.8046E*03 

113.02 

0. 7573E+03 
9.36 


Z22 

(MAGNITUDE) 


Ilk 


J1 


0.3500E+01 

7.00 

0.3800E+01 

20.00 

0.4200E*01 


0.6000E+01 

57.00 

0. 80006*01 


0. 1300E+02 
82.00 

0. 1400E+02 
84.00 

0.1S00E+02 

87.00 

0.1700E*02 


TABLE  3 


OPEN  LOOP  RESPONSE  OF  SINGLE  INVERTER  OSCILLATOR 
WITH  R1  -  1SOOQ  AND  R2  -  24000 


R 

C 

K 

FREQ. 

I1/IT(MAG) 

11/ IT (PHASE) 

0. 4000E+02 

0.2984E-09 

0.3500E+01 

0.400840400*08 

0.7361E*00 

-0.1631E-01 

0.6000E+02 

0. 1989E-09 

0.1800E+01 

0.400845000*08 

0.1368E+01 

-0.9354E-01 

0.8000E+02 

0. 1492E-09 

0.1700E+01 

0.400846200*08 

0.1609E+01 

-0.9457E-01 

0.1000E+03 

0.H94E-09 

0.1400E+01 

0.400846880*08 

0.170SE*01 

-0.4440E-02 

0. 1200E+03 

0.994 7E- 10 

0.1600E+01 

0.400847240*08 

0.1743E+01 

-0.2761E*00 

0. 14OOE+03 

0.8S26E-10 

0.1300E+01 

0.400847600*08 

0.1747E*01 

-0.2269E*00 

0. 1600E+03 

0. 7460E-10 

0. 1400E+01 

0.400847800*08 

0.1738E+01 

-0. 2832E*00 

0. 1800E+03 

0.6631E-10 

0.1300E+01 

0.40084800D*08 

0.1717E+01 

-0.2696E*00 

0. 2000E+03 

0.5968E-10 

0.1300E+01 

0.400848160*08 

0.1691E+01 

-0.1503E+00 

0. 2200E+03 

0.S426E-10 

0. 1300E+01 

0.40084828D*08 

0. 1662E+01 

-0.7224E-01 

0. 2400E+03 

0.4974E-10 

0.1200E+01 

0.40084844D*08 

0.1638E*01 

-0.2412E+00 

0. 2600E+03 

0.459 IE- 10 

0. 1200E+01 

0.400848520*08 

0.160SE+01 

0.6935E-01 

0. 2800E+03 

0.4263E-10 

0.1200E+01 

0.400848640*08 

0.1581E+01 

-0.1312E+00 

0. 3000E+03 

0. 3979E-10 

0. 1200E+01 

0.40084872D*08 

0. 1552E+01 

0.3037E-01 

TABLE  4 

OPEN  LOOP  RESPONSE  OF  TWO  INVERTER  OSCILLATOR 
WITH  R1  -  R2  »  12000 


R 

C 

K 

FREQ. 

I1/IT(MAG) 

I1/IT(PHASE) 

0. 8000E+02 

0. 1492E-09 

0.2100E+01 

0.400898680*08 

0.8236E+01 

0.1330E-01 

0. 1000E*03 

0. 1194E-09 

0. 1800E+01 

0. 400899 72D*08 

0.9293E+01 

-0.8726E-01 

0. 1200E+03 

0.994 7E-10 

0.1800E+01 

0.400900360*08 

0.9965E+01 

-0.8846E-01 

0. 1400E+03 

0.8S26E-10 

0. 1500E+01 

0.400900920*08 

0.1040E+02 

-0.1121E*00 

0. 1600E+03 

0.7460E-10 

0. 1500E+01 

0.40090128D*08 

0. 1065E*02 

-0.1157E*00 

0. 1800E*03 

0.6631E-10 

0.1400E+01 

0.400901600*08 

0.1078E*02 

-0.2399E-01 

0. 2000E+03 

0.5968E-10 

0. 1500E+01 

0. 40090 184D*08 

0. 1085E+02 

-0.2057E*00 

0.2200E+03 

0.S426E-10 

0. 1300E+01 

0.400902080*08 

0.108SE*02 

-0.6669E-01 

0.2400E+03 

0.4974E-10 

0. 1200E+01 

0. 40090 228D*08 

0. 1081E+O2 

-0.10S9E*00 

0. 2600E+03 

0.4591E-10 

0. 1300E+01 

0.400902440*08 

0. 1074E+02 

-0.1467E-01 

0.2800E+03 

0.4263E-10 

0.1200E+01 

0. 400902600*08 

0.1067E+02 

-0.1643E*00 

0. 3000E+03 

0.3979E-10 

0. 1400E+01 

0.40090 2 76D*08 

0. 1054E*02 

-0.20S4E*00 
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Table  5 


Performance  of  Single  Inverter  Oscillator 
With  Monolithic  Crystal 


Results  at  1 

rc 

Input  Voltage 

4.5  volts 

5.0  volts 

5.5  volts 

Frequency  (Mhz) 

40.084S39 

40. 084417 

40.084363 

1  Level  (v) 

3.0 

3.  7 

4.7 

0  Level  (v) 

.3 

.  3 

.3 

Symmetry 

60/40 

55/45 

56/47 

Rise  Time  (ns) 

3.6 

2.5 

2.2 

Fall  Time  (ns) 

- , 

3.8 

2.2 

1.8 

Results  at  +25°C 


Input  Voltage 

4.5  volts 

5.0  volts 

5.5.  volts 

Frequency  (.Mhz) 

40.084399 

40.084288 

40.084344 

Current  (ma) 

36.5 

43.3 

48.4 

1  Level  (v) 

3.3 

4.3 

5.0 

0  Level  (v) 

.2 

.2 

.2 

Symmetry 

54/46 

53/47 

54/46 

Rise  Time  (ns) 

3 

2.4 

2.1 

Fall  Time  (ns) 

3 

1.9 

1.7 

Results  at  +  70oC 


Input  Voltage 

4.5  volts 

5.0  volts 

5.5  volts 

Frequency  (Mhz) 

40.084375 

40.084454 

40.084492 

1  Level  (v) 

3.6 

4.4 

5.0 

0  Level  (v) 

.2 

.3 

.  3 

Symmetry 

52/48 

54/46 

56/44 

Rise  Time  (ns) 

3.8 

3.0 

2.5 

Fall  Time  (ns) 

2.6 

2.0 

1.7 

Table  6 

Performance  of  Two  Inverter  Oscillator  With 
Monolithic  Crystal  and  R2,R1*12Q0  0 


Results  at  0°C 


Input  Voltage 

4.5  volts 

5.0  volts 

5.5  volts 

Frequency  (Mhz) 

40.090181 

40.090208 

40.090215 

1  Level  (v) 

3.1 

3.6 

4.0 

0  Level  (v) 

.2 

.2 

.2 

Symmetry 

44/56 

54/46 

53/47 

Rise  Time  (ns) 

3.4 

2.6 

2.4 

Fall  Time  (ns) 

2.5 

2.0 

1.7 

Results  at 

+  25°C 

Input  Voltage 

4.5  volts 

5.0  volts 

5.5  volts 

Frequency  (Mhz) 

40.090073 

40.090096 

40.090135 

Current  (ma) 

33.6 

41.7 

48.1 

1  Level  (v) 

3.3 

3.9 

4.3 

0  Level  (v) 

.2 

.2 

.2 

Symmetry 

53/47 

51/49 

50/50 

Rise  Time  (ns) 

3.4 

2.6 

2.2 

Fall  Time  (ns) 

2.4 

1.9 

1.5 

Results  at  +70°C 


Input  Voltage 

4.5  volts 

5.0  volts 

5.5  volts 

Frequency  (Mhz) 

40.090188 

40.090202 

40.090254 

1  Level  (vj 

3.2 

3.7 

4.2 

0  Level  (v) 

.2 

.2 

.2 

Symmetry 

51/49 

50/50 

52/48 

Rise  Time  (ns) 

4.0 

2.4 

1.9 

Fall  Time  (ns) 

2.4 

1.6 

1.3 
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ABSTRACT 


■*he  present  peper  reports  an  experimental  study  of 
Wgnetostatlc-wave  (MSW)  delay-line  based  oscillators 
utilising  magnetostatic  surface  waves  (MSSH's)  in  epi¬ 
taxial  YIC  films.  A  novel  approach  at  narrovbanding 
the  delay  line  was  realised  through  the  use  of  lifted 
transducers.  It  is  found  that  the  tuning  range  for 
single-mode  operation  is  limited  primarily  by  the 
electrical  length  of  the  circuit  external  to  the  delay 
line  with  frequency  limping  occur! ng  everytlme  this 
electrical  length  changes  by  360% — A  maximum  tuning 
range  of  about  600  MHa  was  obtained,  with  this  -range 
limited  primarily  by  the  AVANTEK  CaAs  PET  amplifier 
that  was  used  whose  electrical  length  was  equivalent 
to  about  45cm  of  air  transmission  line.  It  is  conclu¬ 
ded  that,  if  the  electrical  length  of  the  external 
circuit  is  sufficiently  reduced  (ideally  made  xero) , 
single-mode  operation  over  an  octave  bandwidth  or  more 
Is  possible.^ — 

I.  INTRODUCTION 

An  important  application  area  for  the  emerging 
technology  based  on  magnetostatic  waves  (MSW's)  in 
epitaxial  YIG  films  is  that  of  tunable  microwave  oscil¬ 
lators  operating  directly  within  the  band  2  GHz  to 
20  GHz.  Since  its  inception,  the  area  of  tunable  os¬ 
cillators  has  been  dominated  by  YIG-sphere  resonators 
through  their  deployment  as  the  frequency-control  ele¬ 
ment  within  the  oscillator  feedback  loop.  The  poten¬ 
tial  for  MSW  oscillators  to  compete  with  the  well- 
entrenched  YIG-sphere  oscillators,  or  to  carve  our  a 
market  niche  of  their  own,  has  been  well  recognized.1 
An  attractive  property  of  MSW  oscillators  is  their 
superior  phase-noise  characteristics  to  the  YIG-sphere 
oscillator.  MSW  oscillators  are  thus  a  potential  can¬ 
didate  for  applications  in  consunlcatlon  and  electronic 
warfare  where  further  improvement  in  the  spectral  pur¬ 
ity  of  microwave  sources  is  an  important  requirement. 
Another  attractive  feature  of  MSW  oscillators  is  the 
relative  simplicity  of  the  planar  technology  that  is 
the  basis  of  fabrication  of  the  constituent  MSW  fre¬ 
quency-control  feedback  element,  l.e.,  a  delay  line  or 
a  resonator.  This  advantageous  construction  feature 
of  MSW  oscillators  contrasts  with  the  complex  align¬ 
ment  problem  present  in  the  manufacture  of  YIG-sphere 
oscillators. 

In  the  original  studies  of  MSW  oscillators,1*’  the  MSW 
dr.'ce  was  a  wideband  delay  line  which  was  chosen  over 
r  tj  ;  onator  for  the  obvious  reason  of  simplicity  in 
ii  •  construction.  The  experiments,  however,  revealed 
that,  as  the  oscillator  was  tuned  via  change  of  bias 
field,  the  undesirable  phenomena  of  multimodina  and 
mode  hopping  occured  which  limited  the  range  of  tuna- 
bllity  to  the  frequency  range  between  any  two  mode 
hope,  typically  in  the  range  of  few  tens  of  MHz  or 
thereabouts.  While  the  frequency  spacing  between  mode 
hops,  la  sgrs meant  with  expectation,  could  be  increased 
by  reducing  the  delay  time  of  the  delay  line,  for  a 
wideband  delay  line  the  problem  of  mods  hopping  was 
observed  to  be  a  serious  one. 


The  use  of  delay  lines  employing  multiple-element 
microstrip  transducers' ’ 5  as  a  means  of  suppressing  the 
mode  hopping  problem  has  also  been  reported.  With  this 
narrowbanding  approach,  single-mode  oscillator  opera¬ 
tion  vas  extended  to  a  frequency  band  of  about  100  MHz 
or  more  but  the  problem  of  mode  hopping  was  not  removed? 

The  difficulties  associated  with  delay-line  baaed  MSW 
oscillators  led  generally  to  an  abandonment  of  this 
approach  in  favour  of  a  resonator-based  approach, 1,1 
with  ion-milled  groove  reflectors  being  the  favoured 
means  of  implementing  high-Q  resonators.  The  recent 
realization'  of  a  magnetostatic-forward-volume-wave 
(MSFVW)  resonator-based  oscillator  with  single-mode 
operation  over  the  3.5  GHz  to  7  GHz  octave  range  repre¬ 
sents  an  Important  achievement  in  establishing  the 
viability  of  tunable  MSW  oscillators. 

The  present  paper  reports  significantly  improved  and 
encouraging  single-mode  MSW  delay-line  based  oscillator 
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Fig.  1.  Insertion  loss  and  phase  characteristics  of  an 
MSSV  delay  11ns:  (a)  with  microstrip  transducers  di¬ 

rectly  on  the  YIu  film;  (b)  with  microstrip  transducers 
lifted  SOOpm  above  the  YIG  film.  The  solid  curves  re¬ 
present  insertion  loss  In  dB  (with  scale  at  the  left) 
and  the  dashed  curves  represent  phase. 
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rwwlti  obtained  with  megnetostatic  surface  mvu 
OCSH'a).  A  re-examination  of  delay-line  haaad  oscil¬ 
lators  was  undertaken  for  two  reasons;  (i)  daisy  Unas 
srs  auch  saalar  to  fabricate  than  resonators;  and  (ii) 
a  detailed  understanding  of  the  cause  of  node  hopping 
and  the  resulting  limitation  on  tuning  range  did  not 
appear  to  be  available  in  the  literature.  In  the  pres¬ 
ent  experiment,  single  aicroatrtp  transducers  were  used 
end  a  novel  approach  at  narrowbanding  the  delay  line 
wee  realised  through  the  use  of  lifted  transducers. 

The  expert went  was  performed  over  the  frequency  range 
of  5  GHz  to  10  GHz. 

The  narrowbanding  of  the  delay  line  arrested  the  nulti- 
noding  and  aside  hopping  problems  but  a  new  problem 
arose  instead.  This  was  that  the  oscillator  frequency 
exhlbitlad  a  "Jump”  with  tuning,  with  the  Jump  appear¬ 
ing  with  a  more  or  less  constant  period  in  frequency. 
This  Jump  phenomenon  has  been  determined  to  be  related 


Pig.  2.  Illustrating  the  synchronisation  with  tuning 
of  the  amplitude  and  phase  responses  of  an  KSSW  delay 
line  with  lifted  transducers.  The  solid  and  dashed 
curves  have  the  sane  nestling  as  In  Pig.  1.  notice  that 
the  narrowbanding  become a  more  pronounced  as  the  device 
is  tuned  to  higher  frequencies. 


to  the  electrical  length  of  the  circuit  (including  the 
amplifier)  that  is  external  to  the  delay  line,  with  4P 
the  frequency  interval  between  junps  becoming  shorter 
if  this  electrical  length  is  Increased.  It  bee  bean 
found  that  the  frequency  junp  occurs  every  time  the 
electrical  length  of  the  external  circuit  changes  by 
360*.  In  the  experiment,  single-mode  operation  was 
realised  ever  e  600  IBs  range,  with  this  range  limited 
primarily  by  the  Avantek  AMT-12017  GaAs  PET  amplifier 
that  wee  used  which,  with  an  electrical  length  of  about 
43cm  of  air  transmission  line,  was  the  longest  element 
in  the  external  circuit.  An  important  conclusion 
drawn  in  the  present  work  is  that,  if  the  electrical 
length  of  the  external  circuit  is  sufficiently  reduced 
(ideally  made  zero) ,  single-mode  oscillator  operation 
over  an  octave  bandwidth  or  more  is  possible. 

II.  MSSW  DELAY-LIME  NARROWBAND  IMG  VIA  LIFTED  TRAHSDOCEKS 

A  characteristic  feature  of  KSW's  is  that  their  fields 
decay  exponentially  away  from  the  TIG  film.  This  fea¬ 
ture  Implies  a  decoupling  in  the  electromagnetic  exci¬ 
tation  of  MSW's  with  a  lifting  of  the  exciting  micro- 
strip  transducer  shove  the  YIG-fllm  surface.  The  level 
of  decoupling  is  determined  by  the  electrical  spacing 
kh  of  the  transducer  from  the  YIG-fllm  surface  rather 
than  the  mechanical  spacing  h.  Now  the  KSSW  wavenum¬ 
ber  k  increases  zxmo tonic ally  with  frequency,  ranging 
from  a  value  of  sero  at  the  low-frequency  bound  of  the 
MSSW  epectrun  to  a  value  of  infinity  at  the  high-fre¬ 
quency  bound  of  the  epectrun.  It  follows  that,  al¬ 
though  the  transducer  may  be  mechanically  spaced  from 
the  YIG-fllm  surface,  electrically  it  is  as  good  as  on 
the  YIG-film  surface  at  the  low-frequency  bound  of  the 
MSSW  spectrum,  with  the  electrical  spacing  increasing 
monotonically  and  at  an  increasing  pace  with  increase 
in  frequency.  Correspondingly,  the  MSSW  excitation 
efficiency  of  a  transducer  is  independent  of  h  at  the 
low-frequency  bound  of  the  MSSW  epectrue,  with  e  de¬ 
coupling  In  excitation  becoming  Increasingly  more  pro¬ 
nounced  as  the  frequency  is  raised.  In  the  context  of 
an  MSSW  delay  line  with  transducers  conveniently  lifted 
by  the  same  amount  h.  one  expects  the  delay-line  pass- 
band  to  become  narrower  with  increase  in  h  and  to  be 
situated  at  the  low-frequency  bound  (or  the  low-k  re¬ 
gime)  of  the  MSSW  spectrum,  with  the  delay-line  pass- 
band  Insertion  loss  to  he  unaffected  by  change  in  h. 

The  foregoing  qualitative  prediction  of  narrowbanding 
via  the  use  of  lifted  transducers  la  to  e  large  measure 
borne  out  experimentally. 7  In  Fig.  1,  the  insertion 
lose  and  phaae  characteristics  of  an  MSSW  delay  line 
with  2-mil  wide  shorted  slngle-microatrlp  transducers 
defined  on  a  10ml 1  thick  Cu-clad  Durold  substrate  ere 
illustrated  for  two  positions  of  transducer  placement, 
i.e. ,  transducers  pieced  directly  on  YIG  film  yielding 
e  wideband  delay  line  (Fig.  la)  end  transducers  lifted 
500pm  above  the  YIG  film  yielding  e  narrowband  delay 
line  (Fig.  lb).  In  Fig.  lb,  the  paaebaad  wee  centered 
at  about  8  GHz  through  a  change  in  bias  field  from  that 
for  Fig.  la.  The  crowding  of  the  phase  slopes  with  in¬ 
creasing  frequency  in  Fig.  la  is  indicative  of  the  dis¬ 
persive  character  of  MSSW's.  A  few  phaae  elopes  ere 
present  within  the  paseband  of  Fig.  lb  but  tbeee  can  be 
reduced  to  a  single  me  by  further  lifting  the  transdu¬ 
cers  as  was  done  in  the  remainder  of  the  experiment. 

In  Fig.  2,  the  insertion  lose  end  phase  characteristics 
of  e  narrowband  MS8W  delay  line  (narrowbendad  vie.  the 
use  of  lifted  traced ecers)  ere  shown  as  the  device  is 
tuned  over  an  octave  bandwidth  (5  GHz  to  10  CHa).  A 
conspicuous  feature  of  this  figure  to  that  the  ampli¬ 
tude  and  phase  responses  of  the  finals  mode  existing 
within  the  peesband  of  the  delay  Item  twee  in  syn¬ 
chronism  with  each  other  as  the  Mas  field  ie  changed. 

The  locking  of  amplitude  and  phase  raapeneee  with  tun- 


ing  ta  an  Important  observation  that  provldaa  a  deer 
indication  that  single-mode  operation  without  node 
hopping  or  frequency  J unping  la  In  principle  poaalhle 
ever  an  octave  bandwidth  or  wore.  The  navi nun  fre¬ 
quency  range  over  which  aynchr oni ration  of  amplitude 
and  phaae  responses  of  a  delay  line  alone  Is  obtained 
with  tuning  has  not  been  fully  explored  at  this  tine. 

III.  OSCILLATOR  CHARACTERISTICS 

The  major  X imitation  to  the  tuning  rsngs  of  the  oscil¬ 
lator  for  single-node  operation  ariaes  fron  the  fact 
that  the  circuit  external  to  the  delay  line  has  a 
finite  length.  In  order  to  minimise  this  length,  the 
directional  coupler  was  renoved  from  the  oscillator 
loop  by  fabricating  it  directly  on  the  Duroid  substrate 
on  which  the  delay-line  nlcrostrlp  transducers  were 
defined.  Thus,  the  overall  device  was  a  three-port 
with  two  ports  constituting  the  input  and  output  ports 
of  the  delay  line  and  the  third  port  constituting  the 
output  port  of  the  directional  coupler.  The  circuit 
external  to  the  delay  line  was,  therefore,  comprised 
of  three  elenents:  (i)  the  delay  line  with  the  TIG 


film  removed  from  it;  (11)  the  external  cable;  and  (111) 
the  aaplifler. 

Although  the  aaplitude  and  phaae  responses  of  the  delay 
line  by  Itself  are  locked  Into  synchronism  aa  the  de¬ 
vice  la  tuned  (see  Fig.  2),  the  open- loop  response  of 
the  oscillator  exhibits  desynchronisation  of  the  ampli¬ 
tude  and  phasa  responses  with  device  tuning.  A  system 
atlc  evaluation  of  this  desynchronisation  process  was 
undertaken  and  la  illustrated  in  Figs.  3  and  4. 

In  Fig.  3,  the  oscillator  open-loop  response  with  the 
TIG  film  physically  removed  from  the  delay  line  is  glv- 
an  for  three  different  lengths  of  the  external  cable, 
i.e. ,  2  inches  (Fig.  3a),  4  Inches  (Fig.  3b)  and  2  feet 
6  inches  (Fig.  3c) .  It  la  seen  that  the  frequency  range 
over  which  a  phaae  change  of  360*  takes  place  la  slight¬ 
ly  under  500  MBs  for  the  case  of  aa  external  cable  of 
length  2  inches,  and  that  this  frequency  range  goes 
down  with  increase  in  cable  length.  It  has  been  found 
that  the  frequency  range  over  which  this  open-loop 
phase  changes  by  360*  coincides  with  the  frequency  In¬ 
terval  between  frequency  jumps  in  the  oscillator. 
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f ,  GHz  Fig.  4.  Illustrating  the  desynchronisation  with  tuning 

of  the  oscillator  open- loop  amplitude  and  phaae  responses 
«2^4i;t2r10,,*?,loop  IV?01’**  wlth  th*  VIG  film  I  with  the  TIG  film  in  place  In  the  delay  line.  The  mass-  . 
removed  from  the  delay  line.  The  measurements  are  for  urenenta  are  for  a  fixed  external  cable  length  of  2'6". 

1*n»th  <«>  2  i  <*>)  4";  and  (c)  The  solid  and  dashed  curves  have  the  same  meaning  as  In 
2  6  .  The  solid  and  dashed  curves  have  the  same  meaning  Vie  l 
se  In  Fig.  1.  •* 
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The  amplifier  used  In  the  experiment  was  an  Avantek 
AMT-1207  GaAs  FET  amplifier  (SO  dB  gain  over  the  7  GHz 
to  12  CHz  range).  The  amplifier  phase  changes  by  360° 
approximately  every  800  MHz  so  that.  If  the  length  of 
the  external  circuit  other  than  the  amplifier  were 
made  sero,  frequency  j  imping  would  occur  every  800  MHz. 
The  amplifier  delay  line  Is  about  1.5ns  which  is  ap¬ 
proximately  equal  to  the  delay  time  of  an  air  trans¬ 
mission  line  of  length  45cm.  The  amplifier  constitutes 
the  longest  element  In  the  circuit  external  to  the  de¬ 
lay  line. 

In  Fig.  4,  the  measured  open-loop  response  obtained 
with  the  TIG  film  put  back  into  the  delay  line  is 
given  for  the  case  of  a  2  feet  6  inch  long  external 
cable.  As  the  device  is  tuned,  the  phase  response  lags 
on  the  amplitude  response,  with  the  phase  slope  of  a 
given  mode  at  some  point  moving  out  of  the  amplitude 
response  and  a  new  phase  slope  coming  within  the  ampli¬ 
tude  response.  It  is  at  the  latter  point  that  fre¬ 
quency  jumping  occurs. 

With  minimization  of  the  external  cable  length,  the 
largest  value  of  the  frequency  interval  between  fre¬ 
quency  jumps  was  obtained  to  be  about  600  MHz.  The 
tuning  response  of  the  oscillator  representing  the 
variation  of  oscillator  frequency  with  bias  field  is 
essentially  linear  as  shown  in  Fig.  5.  The  measure¬ 
ments  in  this  figure  are  for  an  external  cable  of 


length  2  Inches.  Frequency  jumping  which  occurs  at  In¬ 
tervals  of  about  500  MHz  for  this  cable  length  la  not 
shown  in  Fig.  5. 

IV.  C0MCLPSI0H 

The  present  paper  has  reported  an  experimental  study  of 
an  MSSW  delay-line  based  oscillator.  A  novel  approach 
in  the  present  work  has  been  the  use  of  lifted  trans¬ 
ducers  for  narrowbanding  the  delay  line.  It  has  been 
found  that.  If  the  delay  time  associated  with  the  cir¬ 
cuit  external  to  the  delay  line  can  be  reduced  to  zero, 
or  as  a  minimum  reduced  to  a  length  much  shorter  than 
the  shortest  wavelength  in  the  tuning  range,  then  sin¬ 
gle-mode  oscillator  operation  over  an  octave  bandwidth 
or  more  is  possible.  Ar  Important  observation  critical 
to  this  optimistic  conclusion  was  that  the  amplitude 
and  phase  responses  of  the  delay  line  are  locked  In 
synchronism  as  the  device  Is  tuned.  Interestingly,  the 
foregoing  need  to  minimize  the  length  of  the  circuit 
external  to  the  delay  line  Is  also  a  condition  that 
applies  to  MSW  resonator-based  oscillators  as  well  as 
YIG-sphere  oscillators. 
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Fig.  5.  MSSW  oscillator  tuning  curve  for  fixed  external 
cable  length  of  2". 
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Abstract 

~-yhe  continual  deaaod  for  increased  performance 
in  modern  communication  and  radar  systems  in  terms 
of  increased  bandwidths  and  higher  operating 
frequencies  has  led  to  investigation  of  novel 
techniques  and  technologies  for  analog  signal 
processing.  In  particular,  surface  acoustic  waves 
(SAW)  have  been  extensively  exploited  with  great 
success  to  this  end,  but  systems  requiring  center 
frequencies  greater  than  1  GHz  have  pushed  SAW 
devices  nearly  the  pratical  physical  limit  of  the 
technology.  A  novel  technology  promising  higher 
frequencies  is  based  on  magnetostatic  waves  (MSW) 
propagating  in  epitaxial  ferrite  films  such  as 
Yttrium  Iron  Garnet  (YIC).  These  waves  can  be 
exploited  In  devices  offering  instantaneous 
bandwidths  up  to  2.2  GHz  at  microwave  center 
frequencies  from  0.5  to  30  GHz.  ^ - 

This  MSW  signal  processing  technology,  based  on 
transversal  filtering  concepts  used  in  SAW,  has  been 
under  extensive  investigation  for  the  past  10  years. 
This  paper  will  first  discuss  physical  properties 
and  limits  of  magnetostatic  waves,  and  consider 
similarities  and  differences  with  SAW.  Next  MSW 
resonators  will  be  discussed,  followed  by  the  theory 
and  status  of  MSW  oscillators. 


Introduction 

Magnetostatic  waves  are  slow,  dispersive, 
magnetically  dominated  electromagnetic  waves  which 
propagate  in  magnetically  biased  ferrite  materials 
at  microwave  frequencies  (1-30  GHz  in  Yttrium  Iron 
Garnet).  A  key  to  the  recent  interest  in  MSW 
devices  has  been  the  development  of  high  quality  low 
line-width  (low  loas),  large  area.  Yttrium  Iron 
Garnet  (YIG,  YjFegO}^)  grown  on  Gadolinium 
Gallium  Garnet  (GGG,  Gd3Ga$0^2  )  aubstrates  as 
epitaxial  films.  As  sn  example,  magnetostatic 
waves  in  EPI-YIG  offer  lower  propagation  loss  than 
SAW  on  lithium  nlobata  at  3  GHz  and  losses  sre  less 
than  13  dB/msec  at  lOCHz. 


Magnetostatic  wave  propagation  In  thin  films 
has  been  extensively  considered,  and  three  major 
propagating  modes  with  the  propagation  direction  in 
the  film  plane  have  been  used  in  device 
applications.  These  three  modes  are  determined  by 
the  relative  orl  station  of  bias  field,  propagation 
direction  and  the  crystalline  orientation  of  the 
ferrite  slab  normal.  The  modes  are  dispersive  end 
characterised  by  a  limited  propagation  passband 
width  and  magnetic  bias  field  tunabllity.  This 
tunabillty  principle  can  permit  propagation  of  a 
particular  wave  length  at  any  particular  frequency 
la  a  range  of  frequencies.  First  consider  the 
Magnetostatic  Surface  Wave  (MSSW)  mode  in  which  the 
bias  field,  H,  is  perpendicular  to  the  direction  of 
the  wave  propagation  and  in  the  plane  of  the  film. 
This  mode  has  highly  anisotropic  propagation  the 
plana  of  tbs  film.  This  node  has  highly  anisotropic 
propagation  in  the  film  plana  and  the  mode  energy  is 


confined  to  the  ’‘top"  surface  for  forward 
propagation  and  to  the  "bottom"  surface  for  reverse 
propagation  as  indlcsted  in  Figure  1.  A  second 


Figure  1  Principal  MSW  Propagation  Modes 

mode  is  the  Magnetostatic  Forward  Volume  Wave 
(MSFVW)  In  which  the  bias  field,  H,  Is  perpendicular 
to  the  film  plane  and  is  characterized  by  nearly 
Isotropic  propagation  In  the  plane  of  the  slab  with 
mode  energy  distributions  resembling  those  found  In 
rectangular  metal  pipe  wave-guidez.  The  lowest  order 
mode  is  usually  most  easily  excited.  The  third 
mode,  the  Magnetostatic  Backward  Volume  Wave  (MSBVW) 
exists  when  the  direction  of  the  bias  field  and 
propagation  are  the  same  In  the  film  plane.  This 
mode  has  opposite  phase  and  group  velocity 
directions,  is  highly  anisotropic  and  is  aultlmoded 
as  In  the  MSFVW  case. 


All  modes  typically  have  velocities  In  the  3- 
300  km/sac  range  and  wavelengths  from  lum  to  1  mm 
for  10  um  thick  epitaxial  films;  thus,  transducer 
and  periodic  structure  dimensions  may  be  chosen  to 
permit  easy  fabrication  by  standard 
photolithographic  techniques.  Since  practically  any 
wavelength  can  be  achieved  at  any  frequency,  devices 
designed  to  work  at  a  specific  wavelength  will  also 
work  at  any  frequency  provided  a  suitable  bias  field 
can  be  obtained  and  the  ferrite  is  uniformly 
saturated.  Propagation  delays  of  ten  to  several 
hundred  nanoseconds  per  CM  are  typical.  Sigh  Q 
tunable  resonator  structures  can  be  fabricated  in 
MSW  technology  in  a  similar  manner  to  that  used  in 
SAW  technology.  Either  Fabry-Perot  or  delay  line 
structures  can  yield  high  quality  tunable 
oscillators  when  operated  in  the  feedback  loop  of  an 
amplifier.  Oscillator  work  that  bee  centered  oo  the 
Fabry-Perot  structures  due  to  problems  associated 
with  achieving  stable  broad  band  single  node  tunable 
delay  line  oscillators.  The  attraction  of  MSW 
resonators  lies  la  their  high  loaded  Q's  (Q'e  >  1900 
have  bean  observed).  At  present,  the  dominant 
microwave  broadband  tunable  oscillator  techno logy  la 
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based  on  tig  apharas  operated  at  ferromagnetic 
resonance.  Theae  devices  have  loaded  Q's  of  leas 
than  200  and  require  tedious  alignment  to  achieve 
high  performance.  Since  phase  noise  is  Inversely 
proportional  to  Q2  the  attraction  of  MSW  devices 
are  obvious. (2) 


MSN  Resonators 


As  in  tha  SAW  case  the  slaplest  resonator 
consists  of  a  pair  of  wavelength  selective  periodic 
reflecting  arrays  separated  by  a  delay  section. 
These  eleaents  are  arranged  relative  to  the 
propagation  path  to  fora  a  resonator  <  *.vlty  and  a 
neans  for  transduction  is  astablished  within  the 
cavity.  The  single  port  HSSV  reflecting  array 
resonator  of  this  type  has  been  reported  by  Colllna 
et.al.(3)  This  paper  treats  the  two-port  MSSW  and 
MSFVU  reflecting  array  resonator  with  an  input- 
output  transducer  pair  located  in  the  reaonant 
cavity;  the  geoaetry  of  this  device  is  shown  in 
Figure  2.  This  structure  is  of  particular  interest 
in  the  MSSW  case  due  to  its  inherent  isolation 
between  input  and  output  ports  and  aaaa  of 
application  in  filter  and  oscillator  systeas.  The 
NSFVW  case  is  of  Interest  due  to  its  higher 
saturation  power  and  easier  aagnet  design.  These 
resonators  retain  the  desirable  features  of 
tunabllity  and  aicro-wave  frequency  operation 
associated  with  previous  TIC  technology.  Further, 
subalcron  wavelengths  are  not  required  so 
conventional  aicroelectronlcs  fabrication  techniques 
are  used  for  device  fabrication. 


Modeling  and  Theory 
and  MSFVW'S 


<T)f 


(1) 


and 

■  i  si  ■  (i  sj”  <»> 

and  a  ...  h  are  the  transmission  matrix  coefficients 
for  the  forward  and  reverse  line  section.  The 
various  reflection  and  transmission  coefficients  are 
then  evaluated  as: 


Z  .  ZF  ~  2 R 

4F  ‘  _ 

zFA+B-zR(2f.C*D) 

zr(D-A+ZfC-D/zf) 

PF  =  - 

ZjA-tB-Zj^ZpOD) 


zrE*F-zf(zrG*H) 


(3) 


(4) 


(S) 


zf(H-E+zrG-H/zr) 

zrE+F-zf(zrG*H) 


The  corresponding  insertion  and  reflection  losses 
can  be  obtained  froai  finding  -20  log^g  of  the 
■agnitudes  of  these  factors.  These  quantities  do 
not  account  for  transducer  loading  effects. 

The  resonator  cavity  can  be  considered 
equivalent  to  a  microwave  Fabry-Ferot  resonator(T) 
If  the  concept  of  an  effective  mirror  plane  is 
Introduced. (8)  The  distance,  d,  the  effective 
mirror  plane  is  located  into  an  array  can  be 
determined  using  the  reactance  slope,  the  rate  of 
phase  change  of  the  reflection  factor,  at  the 
insertion  loss  notch; 


Since  the  MSSW  and  MSFVW'S  correspond  to 
limiting  cases  of  electromagnetic  modes,  gratings  in 
the  reflecting  array  resonator  can  be  modeled  in 
terms  of  cascaded  equivalent  transmission  line 
sections.  Such  modeling  as  applied  to  SAW  filters 
and  acoustic  dispersive  delay  lines  has  been 
presented  by  Slttlg  and  Coquln.(A)  For  MSW, 
however,  dispersion  propagation  loss  and 
nonreclproclty  of  propagation  due  to  the  proximity 
of  ground  planes  must  be  Included,  la  general,  each 
array  within  the  resonator  can  be  considered  to  be  a 
cascade  of  grating  eleaents  and  the  resonator  cavity 
treated  as  two  such  arrays  spaced  by  an  appropriate 
delay  section.  The  inverse  transmission  matrix  for 
a  line  of  length  1  has  been  presented  by  Collins 
et.al.(S)  along  with  a  dlscusaioa  of  Btoreh's(6) 
method  for  calculation  of  overall  transfer  matrices 
for  Individual  arrays.  For  aonraclprocal 
propagation,  as  in  tha  MSSW  case, (for  tha  volume 
wave  cases  propagation  Is  reciprocal)  this  method  Is 
used  to  calculate  the  overall  forward  and  reverse 
traasmlsaloa  matrices  (T)p  (T)g  for  am  array. 
Denoting  these  matrices  for  an  I  element  grating  as 


1  d<8 

d  - -  (7) 

2vg  dw 


Where  vg  is  the  group  speed,  f ,  the  phase  end  w 
tbs  radian  frequency.  For  a  given  resonator  design 
the  effective  resonator  cavity  spacing  is  Just  L  « 
dF+de+l  where  1  is  the  reflecting  arrsy  spacing 
and  the  subscripts  denote  the  forward  and  reverse 
wave  factor;  the  node  spacing  for  the  resonator  is 

1 

Afa  *  -  (Tf»Tr)  (8) 

where  Ty  and  T-  are  respectively  the  group  delay 
times  per  unit  length,  me  remaining  parameter  of 
Interest  is  tha  resonator  quality  factor  or  Q,  which 
is  equivalent  to  the  reciprocal  fractional 
bandwidth.  Wo /AW  whnre  aW  is  the  hnlf-powmr 
bandwidth  for  tha  resonance  at  Vo  .  This 
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identification  permits  determination  of  Q'a  directly 
froa  inaertion  loss  vereua  frequency  characteristics 
for  both  theory  and  experiment.  Grouping  Individual 
resonator  power  loases  Into  array,  propagation  and 
transducer  loeaee  give  a  loaded  quality  factor  Q  < 
aa 


a  1  ♦  1 

TT  T~ 

vext 


(9) 


Noise  Power 


Carrier  Power 


kTFG 
10  Log - 


(12) 


Where  C  »  Gain  of  the  amplifier,  F  ■  noise  figure,  Pt 
•  saturation  power,  Lg  ■  inaertion  loas  of  the 
resonator  -  G  -  gain  of  the  amplifier.  Using  this 
result  a  noise  floor  of  -ISO  UBC  is  possible  with  aa 
amplifier  with  a  4  db  N.P.  A  saturation  power  of 
-7dbn  and  an  inaertion  loss  of  I3db. 


where  the  external  quality  factor  Q  t  is 
associated  with  transducer  loading  and  the  unloaded 
quality  factor  Q  u  Is  the  parallel  combination  of 
the  array  quality  factor  Qr,  and  the  material  or 
propagation  quality  factor  Q  m  .  Q  r  can  be 
obtained  In  terms  of  the  affective  cavity  length,  d, 
and  th?  geometric  naan  of  the  forward  and  reverse 
reflection  factors  p  as(9) 

-mi 

xo(l-(p/2)  (10) 


•k«f*  x  is  the  resonant  wave  length.  The  material 
quality  factor  Q*  is  related  to  the  wave 
attenuations  and  group  speeds  as 

Qm  =  Wo/ 2 at  vg 


where  and  vg  ere  respectively  the  associated 
geometric  mean  values  for  forward  and  reverse 
propagation. 


d  (urn) 

10 

20.5 

14.6 

8 

23 

h/d  (X) 

2.5 

4.4 

2.7 

3.5 

1.5 

D  (SB) 

3.6 

3.6 

3 

3 

— 

N 

40 

40 

60 

56 

— 

t  (um) 

0 

0 

0 

0 

0 

F  (GHz) 

3 

3.2 

5 

2.2 

3-7CH* 

P  (db) 

16 

12 

16 

13 

22 

R  (db) 

10 

12 

12 

6 

.5 

Q 

830 

500 

1500 

550 

500 

WAVE/ 

RESONATOR 

MSSW/ 

SIMPLE 

MSSW/ 

SIMPLE 

MSSW/ 

SIMPLE 

HSFVW/ 

SIMPLE 

HSFVW/ 

0BLIQ. 

Lab.  Unv.  Unv.  Unv.  Thomson  Thon- 
Tx.  Tx.  Tx.  CSF  CSF 


Experimental  Resonator  Results 

A  range  of  KSSW  and  MSFTW  resonators  have  been 
fabricated  and  evaluated  experimentary.  Table  I 
details  the  results  of  these  studies.  Roth  MSSW  and 
HSFVW  resonators  have  been  studied.  The  best  of  the 
MSFVV  devices  use  multiple  cavities,  and/or 
reflectors  within  the  cavity  to  achieve  higher 
spurious  rejection  and  thus  stable  single  mode 
oscillators. 


Table  1  -  Characteristics  and  experimental 
performances  obtained  with  MSSW  and  HSFVV  two-port 
resonators. (9)  d  Is  the  thickness  of  the  TIC  films, 
h/d  the  groove  depth  to  film  thickness  ratio,  D  the 
distance  between  the  gratings,  f  the  number  of 
grooves  per  array,  t  the  spacing  between  the  TIC  end 
the  transducers,  F  the  resonance  frequency,  P  the 
Insertion  loss  at  resonance,  R  the  rejection  of  the 
off-resonance  transmission  and  Q  the  Loaded  quality 
factor. 


NSW  OSCILLATOR  THEORY 


Figure  2  shows  a  block  diagram  of  an  NSW 
oscillator.  For  this  configuration  the  requirement 
for  oscillation  la  that  the  loop  gain  be  1.  The 
phase  noise  for  a  resonator  stabilised  oscillator  is 
given  by  Lewis  (10,. 

GkTFf2  (11) 

L(F)  *  10  Log  - -  ,  dbc/u 

»<TPo(f-for  Mz 


Where  C  Is  the  amplifier  gala, k  is  Roltsmann’s 
constant,  T  ambient  temperature  (  °k)  F  tha  noise 
figure  of  the  amplifier  fo  the  carrier  frequency, 
Q  the  quality  factor  of  the  resonator,  and  P  ths 
loop  power.  8 

In  general  even  for  MSfVV  resonators  tha 
resonator  is  the  saturated  element,  and  tha 
amplifier  is  operating  la  the  linear  range.  Thus 
the  noise  floor  is  dominated  by  the  amplifier  noise 
floor.  Thus 


EXPERIMENTAL  OSCILLATOR  RESULTS 


Experimental  Investigation  of  MSW  resonator 
based  oscillators  have  been  carried  out  by  two 
groups  one  at  tha  University  of  Texas  At  Arlington 
on  MSSW  rssonators,  and  on  at  Tha  Thomson-CSF 
Research  Center,  Orsay,  France,  utlXlaiog  oblique 
reflection  MSFTW  resonators.  The  results  of  these 
studies  are  shown  in  Table  II.  The  oscillators  both 
have  performance  specs  superior  to  TIC  sphere 
oscillator  performance  with  the  potential  for  simple 
less  expensive  assembly.  Figure  3  shews  ths  phase 
noise  perfomance  ef  the  University  sf  Texas 
oscillator  compared  with  aa  MUOC  TIC  sphere  based 
sweep  oscillator.  Also  shows  Is  the  theoretical 
performance  of  sn  optimised  MV  rosewater  oscillator 
with  A  Q>  800  and  an  amplifier  melee  fig -re  ef  Mb 
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TABLE  II  MSSW  OSCILLATOR  STUDIES 


STUDY 

MODE 

TYPE  or  RESONATOR 

AMPLIFIER 

Q 

TUNING 

PHASE  NOISE 
810KHZ 

NOISE  FI.OOK 

1  in  i  v . 

Tx. 

MSSW 

Siaple  Cavity 

2  Stage  Hybrid 
GaAa  PET 

270 

2.0-9.  SGII* 

-SOdbc 

-1 3  hi  ||h: 

Thomson 

CSF 

Msrvw 

90°0blique 

Reflector 

2  Cavity 

9  Stage  Hybrid 
GaAs  FET 

600 

3-7GIIZ 

-90dbc 

- 1  SOtlltc 

■WWW 


Figure  3.  NSW  Oscillator  Phase  Noise 


CONCLUSIONS 


MSW  Resonator  oscillators  have  shown  superior 
phase  nolee  perforaance  to  their  TIG  sphere 
counterparts.  They  offer  the  potential  for  slaplar 
fabrication  and  potential  exists  for  significant 
perforaance  laproveaent. 
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S Maury  -J  :  i.  - 

— -^>An  X-band  GaAs  PET  oscillator  highly 
tabilized  by  a  dielectric  resonator  was 
aveloped.  The  oscillator's  frequency 
stability  is  less  than  *lMHs  (-40*Cr 
8S®C) ,  and  its  size  has-been  greatly 
Miniaturized  (20.3m  x  12.6m  x  8.8m). 

For  the  dielectric  resonator,  a  new 
Material  Ba (NiTa)03-Ba (ZrZnTa)03  has  been 
developed  which  has  an  extreaely  high  Q 
value  and  high  teaiperature  stability.  The 
characteristics  of  the  resonator  u«  K»29 , 
Q-10,000  at  10  GHz  and  r« -0  ppm^X.  ^ 

■  f‘ 

Introduction 


Many  kinds  of  dielectric  resonators 
have  been  used  for  aicrowave  oscillators. ,a 
The  dielectric  losses  of  known  ceraaics, 
however,  are  not  sufficiently  small  at  the 
X-band  or  at  higher  frequencies.  In  order 
to  realize  an  x-band  oscillator,  a  new 
aaterial  had  to  be  developed. 

In  this  paper,  we  report  an  X-band 
GaAs  FET  oscillator  using  a  dielectric 
resonator,  which  has  high  teaperature 
stability  (+lMHz  from  -40  X  to  85X  at 
11.8GHz)  an3  saall  size  (20.3m  x  12.6m  x 
8 . 8m) . 

Me  also  propose  a  Ba(NiTa)03- 
Ba(ZrZnTa)03  Material  for  the  dielectric 
resonator,  which  has  characteristics  of 
K-29,  Q-10,000  at  10GHz  and  teaperature 
coefficient  of  resonant  frequency  t< ■ 

0  ppa/*c. 


Dielectric  Resonator 


At  the  beginning  of  the  I960 'a, 

F.  Galasso  and  J.  Pyle  investigated  the 
crystal  structures  of  Ba(B'0.33  Ta0.67)03 
type  materials,  and  they  reported  that 
these  materials  had  perovsklte  pseodocells 
and  formed  the  hexagonal  superstructures 
due  to  the  ordering  of  B'-Ta  ions.*  In 
1977,  it  was  reported  that  Ba(Snl/3 
Nb2/3)03-Ba(tnl/3  Ta2/3)03  ceramics  had 
high  Q  values  at  microwave  frequencies.4 

Me  studied  the  Ba(XnTa)03  with 
additives  of  well  known  perovskite  mater¬ 
ials  and  found  an  interesting  result. 

Table  1  shows  the  dielectric  character¬ 
istics  of  Ba (Zal/3  Ts2/3)03  ceramics  to 
which  5  molt  perovskite  materials  are 
added.  When  the  added  perovskite  materials 


have  larger  lattice  constants  than  that  of 
Ba(ZnTa)03,  that  is  4.10  A,  the  Q  value  of 
Ba(ZnTa)03  is  improved.  And  in  the  reverse 
case,  the  Q  value  is  degraded. 

When  the  perovskite  materials  are 
added  to  Ba(ZnTa)03  ceraaics,  the  ceraaics 


Table  1.  Dielectric  characteristics  of 
Ba(ZnTa)03  ceraaics  to  which 
5  aoll  perovskite  aaterials  are 
added . 


— t-l-.l  -  -  ■ 
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(at  70Hz) 
O 

(lXan/°C) 
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29.6 

10.000 

14 

BaZiO, 

4.18 

30.4 

14,600 

74 

BsSnO, 

4.12 

28.7 

10.600 

3.1 

SrZrOj 

4.10 

30.0 

13,400 

10.0 

SiSnO, 

4.03 

20.1 

SJOOO 

114 

BaTiO, 

3.80 

31.0 

4,800 

1.1 

BrTlOj 

U1 

384 
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304 

Ba(SnTa)03  Ba(SnTa)03  ♦  4%  BaSrO) 


Fig.l  Scanning  electron  micrographs  of 
polished  ami  ached  surface  of 
dielectric  reams  tor. 
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do  not  com  to  form  the  superstructure. 

Then  the  grain  growth  and  crystalization  of 
Ba (ZnTa)03  ceramics  are  accelerated.  This 
acceleration  of  the  crystalization  improves 
the  Q  value.  In  order  to  get  higher  Q 
value,  however,  the  added  perovskite  mater¬ 
ials  must  have  larger  lattice  constants 
than  the  Ba(ZnTa)03. 

Pig.  1  shows  the  grain  growth  of 
Ba(ZnTa)03  ceramic  to  which  5  mol%  BaZr03 
is  added.  Both  samples  were  sintered  at 


(ZrSn)TfO. 


1,500%  for  4  hours. 

as  Ba(ZrZnTa)03  material  have  a 
positive  temperature  coefficient,  we  added 
Ba(NiTa)03  material  which  have  a  negative 
temperature  coefficint.  Thus,  the  char¬ 
acteristics  of  K>29,  Q-10,000  at  10  GHz 
and  Ti  -0  ppm  A:  are  obtained  at  the 
composition  of  0.2Ba (Mil/3  Ta2/3)03- 
0.8Ba(Zr0.04  Zn0.32  TaO. 64)03. 

Pig.  2  shows  the  frequency  dependence 
of  K  and  Q  value,  and  Peg.  3  shows  frequency 
temperature  dependence  of  resonant  frequen¬ 
cy  and  Q  value. 

K  and  Q  values  are  measured  by  Hakki 
and  Coleman's  dielectric  resonator  method.* 


Ba(NiTaKV  BalZtZnTalO 


a  ioooo 


I  10000 

o 


9  10  11 

(GHi) 


Pig. 2  Frequency  vs  K  and  Q  value  of 

Ba (NiTa)03-Ba (ZrZnTa)03  ceramic. 


Pig. 3  Temperature  vs  resonant  frequency  and 
Q  value  of  Ba(NiTa)03-Ba(ZrZnTa)03 
ceramic. 


QaAsFET 


Mmaataf*  v« 


Pig. 4  equivalent  circuit  of  GaM  Pit  oscillator 


Fig.  4  shows  ths  equivalent  circuit  of 
the  oscillator. 

An  oscillator  which  consists  of  a  6a As 
JET,  a  dielectric  resonator  and  a  varactor 
diode  is  aounted  on  MIC.  The  GaAs  PET, 
FSX51X  of  Fujitsu  Halted  was  used  in  this 
work.  The  dielectric  resonator  is  aounted 
on  an  Aluaina  substrate  with  a  spacer  aade 
of  forsterite. 

The  resonator  is  magnetically  coupled 
to  gate  line,  and  its  resonant  frequency  is 
pretuned  mechanically  by  the  diaentsions 
5.5a*  x  2.4aa  for  the  frequency  of  11,800 
MBs.  Slight  deviation  froa  the  speclified 
oscillation  frequency,  after  the  resonator 
is  housed  in  the  case,  is  controlled  by  a 
bias  voltage  (Vy)  which  controls  the 
capacitance  of  the  varactor  diode.  Fig.  5 
shows  the  tuning  characteristic  of  V? 
versus  oscillation  frequency.  The  oscilla¬ 
tion  frequency  changes  linearlly  about  2MHz, 
when  Vt  changes  froa  0  to  5  volts. 

The  temperature  coefficient  of  a 
dielectric  material  can  be  controlled 
arround  zero  ppm/  'C  with  high  precision  by 
changing  the  ratio  of  Ba(NiTa)03  and 
Ba(ZrZnTa)03.  The  temperature  coefficient 
is  chosen  so  that  it  compensates  the 
thermal  linear  expansion  of  the  case  and 
the  iapedence  deviation  of  the  PET  amplifi¬ 
er.  In  this  oscillator,  3  ppm/*C  was 
chosen . 

The  oscillator  is  hermetically  sealed 
in  the  SPCC  case  to  keep  stable  operation 
even  in  severe  environmental  conditions. 

The  RP  output  and  DC  bias  terminals  are 
aade  of  pin  type  leads. 


Oscillator  Performance 

The  electrical  characteristics  of  the 
oscillator  are  suaaarized  in  Table  2.  The 
measured  operation  is  Io*38mA,  fo*l 1,800MHz 
and  po«12dBm  at  bias  voltage  of  5  volts  at 
room  temperature. 

Fig.  6  shows  the  temperature  stability 
of  the  oscillation  frequency.  For 
comparison,  two  kinds  of  dielectric  resona¬ 
tors  are  used.  A  Ba(HiTa)03-Ba(ZrZnTa)03 
resonator  has  the  0  value  of  8,500  and  a 
(2rSn)Ti04  resonator  has  the  Q  value  of 
4,400,  at  11.86Hz.  The  position  of  these 
resonators  were  adjusted  so  that  the  same 
output  power  can  be  obtained  at  the  saae  DC 
power  supply.  Both  of  these  resonators 
have  almost  the  saae  linearities  of 
resonant  friequency.  But  the  linearity  of 
the  oscillation  frequency  using  the  resona¬ 
tor  of  higher  Q  value  was  better  than  the 
other.  The  frequency  stability  of  less 
than  el  MHz  froa  -40 *C  to  85*C  was 
obtained  when  the  Ba(Mita)03-Ba(8rZnTa)03 
resonator  is  used. 

Fig.  7  shows  the  sensitivity  of  the 
frequency  (fo)  and  output  power  (Po)  to 
variations  in  bias  voltage.  The  pushing 
figure  is  400Mt/V,  and  the  efficiency  is 
8.3%  at  5  volts  of  DC  power  supply. 
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Pig. 5  Tuning  bias  voltage  vs  oscillation 
frequency. 


Table  2  Oscillation  performance 
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Fig. 6  Temperature  vs  oscillation  frequency 
using  two  kinds  of  dielectric 
resonators. 


Pig. 7  DC  bias  voltage  vs  resonant  frequen¬ 
cy  and  out  put  power. 


3)  P.  Galasso  and  J.  Pyle,  ‘Ordering  in 
Compounds  of  the  A(B'0.33  TaO. 67)03 
Type",  Inorganic  Chemistry,  2,  p482 
(1963)  . 

4)  s.  Kawashiaa,  M.  tfiehida,  I.  Oeda,  H. 
Ouchi  and  S.  Hayakawa,  "Dielectric 
Properties  of  Ba(Xnl/3  Mb2/3)03- 

Ba (Snl/3  Ta2/3)03  Ceraaics  at  Microwave 
Frequency",  proceedings  of  the  1st 
Meeting  on  Ferroelectric  Materials  and 
their  Applications,  l,p293  (1977) . 

5)  B.  w.  Bakki  and  P.D.  Coleaan,  "A 
Dielectric  Resonator  Method  of 
Measuring  Inductive  Capacitance  in  the 
Millieeter  Range”,  ZRE  Trans,  on  MTT 
MTT-8 ,  p. 402  (1960). 


Conclusion 

A  dielectric  resonator  of  Ba(NiTa)0 
-Ba (zr ZnTa) 03  material  has  been  developed, 
which  has  very  high  Q  value  (Q-10,000  at 
10GHz)  with  K»29  and  r,  «0  ppm/*C. 

Using  the  resonator,  an  X-band 
miniaturized  GaAs  PET  oscillator  was 
developed  which  provided  frequency 
stability  of  +1  ppm/'C  (-40 *C~+85*C) , 
output  power  of  12dBm  and  power  efficiency 
of  8.3%. 

As  the  oscillator  has  a  simple 
construction,  it  is  suited  to  mass  produc¬ 
tion  and  can  be  produced  at  low  cost.  This 
X-band  oscillator  is  suitable  for  use 
within  an  SHP-UHP  converter  for  MS. 


Acknowledgements 

The  authors  wish  to  thank  Mr.  M.  Itoh 
of  Fujitsu  for  his  helpful  suggetions. 

The  authors  also  would  like  to  thank 
Mr.  M.  Sakurai  of  Toshiba  for  his  helpful 
discussions. 


References 

1)  J.  R.  Plourde,  D.  P.  Linn, 

I.  Tatsuguchi,  C.  B.  Swan,  "A  Dielect¬ 
ric  Resonator  Oscillator  with  5  PPM 
Long  Term  Frequency  Stability  at 
4  GHZ",  IBBE-MTT-S,  IBIS  Cat. 

MO. 77CH1219-5  MTT,  p.273  (1977). 

2)  T.  Saito,  Y.  Aral,  H.  Konizo,  Y.  Itoh, 
T.  Nishikawa,  "A  6GBz  Highly  Stabilised 
GaAs  FST  Oscillator  Osing  a  Dielectric 
Resonator",  INB-MTT-8,  IEBK  Cat. 

Mo. 79CH1439-9  MTT-S,  P.197  (1979). 


ADP002519 
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Suwary 

-^SThls  paper  summarizes  the  Ideas,  experiments  and 
conclusions  from  an  effort  to  develop  a  new,  produ¬ 
cible  disciplined  quartz  frequency  standard.  Some 
of  the  original  thinking  comes  from  a  paper  pub¬ 
lished  in  the  late  sixties1  which  described  the  use 
of  a  third  order  phase  locked  loop  (PLL)  system  to 
fully  correct  a  drifting  frequency  source.  Further, 
the  paper  described  the  behavior  of  the  corrected 
frequency  source  when  the  PLL  was  without  reference 
input,  or  coasting,  and  showed  that  much  of  the 
drift  had  been  effectively  removed  by  the  third 
order  control.  These  results  lead  to  the  develop¬ 
ment  at  Austron  of  the  model  20108  Disciplined 
Frequency  Standard.  The  objective  here  Is  to  Imqple- 
ment  this  same  Idea  at  the  current  state-of-the-art, 
taking  advantage of  the  power  and  versatility  of  the 
mi  croprocessor . 
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which  yields  a  quantity  whose  units  are  time  and 
allows  direct  comparison  of  clocks. 

A  model  of  the  quartz  oscillator  to  be 
disciplined,  in  these  terms  might  be 

3y(t,T  ) 

y(t,T)»y(t,T0)+yr(t)+Dt+(T-T0)  - ^^-2-  (3) 


where  T  is  the  temperature  of  the  oscillator,  T„  is 
the  average  temperature  of  the  oscillator,  Yr(t)  is 
the  random  contribution  of  frequency,  and  D  is  the 
coefficient  of  drift.  The  addition  of  the  tempera¬ 
ture  dependence  to  the  familiar  oscillator  model 
comes  from  observations  by  the  authors  that  indicate 
that  its  magnitude  is  far  from  negligible. 

The  model  for  the  phase  time  Is 


Introduction 


Briefly,  our  problem  Is  to  phase  lock  a  high 
quality  quartz  oscillator  to  a  reference  having 
superior  long  term  stability,  such  as  cesium  or 
Loran-C.  The  phase  lock  technique  must  be  able  to 
correct  the  oscillator's  phase,  frequency  and  drift 
in  frequency  (ageing)  in  such  a  manner  that  the 
phase  error  approaches  zero  when  the  PLL  achieves 
steady  state.  This  requirement  allows  performance 
of  the  second,  and  more  important,  function  of  a 
disciplined  frequency  standard,  i.e.,  backup  of  a 
primary  standard  in  the  event  of  Its  failure.  If 
the  above  described  PLL  has  operated  long  enough  to 
achieve  zero  steady  state  phase  error  then  It  has 
"learned”  the  ageing  rate  of  the  oscillator  under 
control  and.  In  the  event  of  reference  failure,  the 
PLL  will  continue  to  correct  the  oscillator  In  such 
a  manner  that  only  a  fraction  of  its  Inherent  ageing 
will  be  observed  over  the  duration  of  the  reference 
outage.  In  this  way,  a  relatively  Inexpensive 
oscillator  may  offer  atomic  standard  performance 
for  Intervals  of  24  hours  or  less. 

Definitions  and  Assumptions 

In  order  to  more  specifically  define  this 
problem  and  to  prevent  any  confusion  In  terms,  the 
following  basic  formulae  are  presented. 

First  the  fractional  frequency  offset: 


***>  “  "2&T  It  <’> 

O 

where  v_  Is  the  nominal  center  frequency  of  oscilla¬ 
tion  and  4  Is  the  Instantaneous  phase  of  the 
oscillator  versus  some  Ideal  source  of  »0. 

Now  the  phase  time 


x(t)  -  J'  y(t')  df  (2) 


x(t,T)«y(t,T0)t+xr(t)*Dt2/2+(T-T0) 


3y(t.To) 

at 


t+  x(o) 


(4) 


Now  the  problem  may  be  quite  clearly  defined. 
The  Initial  phase  offset  x(o),  average  over  tem¬ 
perature  frequency  offset  y(t,T„),  and  the  drift 
rate  D  must  be  determined  and  corrected  In  the  pre¬ 
sence  of  the  random  contributions  and  temperature 
effects. 

Proposed  Solution 

Fig.  1  Illustrates  a  classic  type  III  PLL  in 
the  Laplace  transform  notation.  The  type  III  servo 
employs  three  pure  Integrations  In  Its  feedback. 

Servo  theory  shows  that  In  order  to  track  with  zero 
steady  state  error  a  quadratic  phase  Input,  as  In¬ 
cluded  in  eq.  4  and  arising  from  the  drift  In  fre¬ 
quency,  a  type  III  PLL  Is  necessary  and  sufficient. 
Fig.  1  also  shows  that  a  technique  of  forcing  the 
loop  Input  phase  error,  on  detection  of  reference 
failure,  to  zero  is  employed  and  It  also  Indicates 
which  points  in  the  loop  contain  the  values  per¬ 
taining  to  the  ageing  and  frequency  corrections,  at 
steady  state. 

It  should  be  noted  that  three  parameters,  K,  t,, 
and  t?  may  be  adjusted  to  set  such  loop  charac¬ 
teristics  as  ageing  determination  averaging  time, 
and  phase  determination  averaging  time.  These  para 
meters  will  determine  the  effectiveness  of  the  PLL 
In  determining  the  crucial  oscillator  parameters  In 
the  presence  of  random  and  temperature  effects. 


Implementation 

A  digital  technique  for  Implementing  Fig.  1  1$ 
shown  In  Fig.  2.  The  output  of  the  phase  detector 
Is  digitized  and  the  control  integrations  are  per¬ 
formed  in  microprocessor,  software  using  a  48  bit 
floating  point  arithmetic.  After  scaling,  the 
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control  word  is  sent  to  a  high  resolution  (16  bits), 
low  temperature  coefficient  digital  to  analog  con¬ 
verter  whose  output  voltage  drives  the  varactor 
tuning  on  a  model  1)50,  5th  overtone  AT-cut  preci¬ 
sion  ovenized  oscillator.  This  particular  oscilla¬ 
tor  exhibited  approximately  a  1  x  10'10/day  ageing 
rate. 

Experiment 

In  order  to  verify  that  the  proposed  solution 
could  work,  an  experiment  was  performed  and  is  sche¬ 
matically  represented  by  Fig.  3.  The  model  2100 
Loran-C  receiver  obtains  its  reference  from  the 
disciplined  frequency  standard,  applies  phase 
corrections  necessary  to  syntonize  this  reference 
Input  with  Loran-C  and  outputs  this  phase  corrected 
signal  to  the  reference  input  of  the  disciplined 
frequency  standard.  The  phase  detector  output 
voltage,  prior  to  digitizing.  Is  output  to  an  analog 
chart  recorder  to  allow  observation  both  during  the 
initial  acquisition  time  and  after  the  loop  has  been 
intentionally  opened  to  simulate  reference  failure. 

Since  the  PLL  parameters  K,  n,  *2 are  readily 
variable,  the  software  In  this  disciplined  frequency 
standard  Included  an  algorithm  to  effectively  in¬ 
crease  the  various  averaging  times  during  PLL  acqui¬ 
sition.  In  this  way  the  Initial  turn  on  transient 
is  minimized  and  a  useable  output  from  the  disci¬ 
plined  frequency  standard  Is  available  In  several 
hours  rather  than  days.  The  ultimate  averaging 
times  reached  after  approximately  48  hours  of  PLL 
acquisition  were: 


Ageing  Determination  -  8  days 

Frequency  Determination  -  5000  seconds 

Phase  Determination  -  4000  seconds 

In  this  experiment,  the  PLL  was  allowed  to 
acquire  for  7  days.  At  that  time,  the  loop  was 
opened  In  software  and  the  input  to  the  loop 
integrators  was  set  to  zero.  Twelve  days  of  opera¬ 
tion  were  recorded  in  this  mode  and  the  data  which 
follow  are  from  that  period. 

Results 

Fig.  4  is  a  compressed  version  of  the  phase 
record  from  the  chart  recorder  of  Fig.  3  obtained  by 
sampling  at  1800  second  intervals.  The  57S  points 
were  then  plotted  by  an  HP-85  computer.  The  suc¬ 
ceeding  plots  arise  from  various  manipulations  of 
these  original  data. 

The  phase  time  accumulation  in  Fig.  4  shows 
that  the  ideal  correction  of  the  oscillator  did  not 
occur.  In  fact  21  us  of  phase  error  resulted  over 
the  12  day  opened  loop  interval.  However,  a  free 
running  oscillator  with  an  ageing  rate  of  1  x  10**°/ 
day  would  have  accumulated  622  ys  just  due  to 
ageing. 

Something  which  should  be  noticed  in  Fig.  4  is 
the  presence  of  a  diurnal  shift  in  phase.  These 
shifts  have  been  found  to  be  due  to  the  variations 
In  building  temperature  from  night  to  day  causing  a 
corresponding  frequency  shift  in  the  oscillator. 
Unfortunately  a  temperatuare  record  was  not  kept 
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OPEN  LOOP  RESULTS  -  PROCESSED  DATA 


•  COMPUTED  AGEING  FROM  AVERAGE  OF  SECOND  DIFFERENCES  *-3.S6*K)*,l/0AY 
•RESIDUAL  FREQUENCY  OFFSET  =  3.49*  10'* 


1,033,200 


G.  9 

ALLAN  VARIANCE  FROM 
PHASE  DATA  -  DRIFT  REMOVED 


over  the  duration  of  the  test  and  specific  tempera¬ 
ture  versus  frequency  data  Is  not  available.  It  Is 
worth  mentioning  that  at  the  time  of  the  experiment 
the  authors  noted  the  greatest  changes  occurred  on 
days  experiencing  large  night-to-day  temperature 
differentials  as  obtained  from  normal  weather  data. 

Fig.  5  is  a  plot  of  the  first  differences  of 
the  phase  time  data  yielding  fractional  frequency 
offset  data.  Here  can  be  seen  an  apparent  residual 
drift  in  frequency  over  the  duration  of  the  test  as 
well  as  an  approximately  3  x  10'“  peak-to-peak 
diurnal  shift  which  occurs  at  the  fifth  day. 

Smaller  shifts  are  also  present  for  other  days. 

Fig.  6  is  Allan  Variance  data  for  all  t's  from 
1800  seconds  to  approximately  six  days.  An  obvious 
periodic  disturbance  occurs  for  t  *1/2  day  and  t  * 
1  day  which  results  from  the  presence  of  the  diurnal 
temperature  effect.  For  t  >  4  days  an  apparent  in¬ 
crease  in  cry(  t)  proportional  to  t  occurs  indicating 
the  presence  of  residual  drift  in  frequency. 

From  these  plots  it  can  be  seen  that  the  PLL 
has  failed  to  perform  perfectly  and  that  there  are 
temperature  effects.  It  would  now  be  interesting  to 
attempt  to  determine  what  the  errors  in  estimating 
Y(t,Tn)  and  D  of  eq.  3  were  and,  by  comparison  with 
the  Allan  Variance  information,  see  if  these  errors 
are  noise  induced  or  due  to  some  conceptual  or  prac¬ 
tical  error. 

Due  to  the  apparent  flicker  FM  background  of 
Fig.  6,  fitting  a  quadratic  function  to  the  raw 
phase  data  of  Fig.  4  will  yield  a  less  than  optimal 


result  since  the  residuals  of  phase  will  be  decid¬ 
edly  nonwhite.  A  better  technique  would  fit  a 
linear  function  to  the  frequency  data  of  Fig.  5. 

The  residuals  are  still  not  white  but  they  are 
closer  to  being  so.  However  the  technique  employed 
here  involved  fitting  a  constant  to  the  second  dif¬ 
ferences  of  phase,  the  drift  data.  These  residuals 
are  not  white  either  and  have  opposite  and  equal 
spectral  density  slope  compared  to  the  second  tech¬ 
nique.  The  resulting  drift  rate  was  -3.96  x 
10‘12/day. 

Often  it  is  useful  to  remove  the  effect  of  fre¬ 
quency  drift  from  experimental  data  in  order  to 
obtain  a  better  Allan  Variance  estimate  and  in  order 
to  determine  the  frequency  offset  present  in  the 
data.  Fig.  7  shows  the  data  of  Fig.  4  after  the 
phase  accumulation  due  to  -3.%  x  10*“/day  ageing 
has  been  removed.  It  is  obvious  from  this  plot  that 
frequency  drift  was  responsible  for  the  largest  part 
of  the  phase  accumulation  since  a  total  accumulation 
of  less  than  4  us  remains  to  be  attributd  to  an  off¬ 
set  in  frequency  present  at  the  time  that  the  PLL 
was  opened.  The  apparent  magnitude  of  this  offset 
is  3.49  x  I0'l2  and  it  is  positive. 

The  first  differences  of  the  driftless  data  of 
Fig.  7  are  shown  in  Fig.  8  as  a  visual  check  on  the 
effects  of  the  previous  operation.  It  appears  that 
the  drift  has  largely  been  removed.  The  Allan 
Variance  of  this  driftless  data  is  now  shown  in  Fig. 
9.  It  should  be  noted  here  that  aside  from  the 
effect  of  the  diurnal  frequency  shift,  the  residual 
noise  background  is  constant  over  averaging  time  in 
the  manner  associated  with  flicker  FM.  The  level  of 
this  noise  is  very  nearly  6  x  10'“. 


ALLAN  VARIANCE  APPLIED  TO  FREQUENCY  DATA 

THE  ALLAN  VARIANCE  OF  FREQUENCY  QATA  WILL  GIVE  INFORMATION  CONCERNING  THE 
VARIANCE  OF  THE  AGEING  RATE  VERSUS  AVERAGING  TIME  . 


AN  AGEING  AVERAGING  TIME  OF  IO#  SHOULD  YIELD  AN  ESTIMATE  WITH  <Uu«3»IO-«/ DAY. 


FIG. 10 


From  the  preceding  results  and  analyses  there 
should  be  some  Indication  concerning  the  proper 
selection  of  the  PLL  parameters.  First,  It  appears 
that  the  presence  of  a  diurnal  frequency  shift  In 
the  oscillator  will  force  the  use  of  a  quite  long 
frequency  determination  averaging  time  In  order  to 
accurately  determine  y(t,T0).  However,  In  so  doing, 
the  oscillator  will  not  be  held  in  nearly  as  tight  a 
phase  lock;  a  drawback  which  could  be  undesirable  In 
some  applications  <the  authors  believe  it  would  be 
better  to  reduce  the  thermal  sensitivity  of  oscilla¬ 
tors  used  In  this  instrument).  The  second  obser¬ 
vation  which  may  be  made  concerning  PLL  parameter 
selection  Is  that,  due  to  the  predominance  of 
flicker  FM  background  noise,  an  inordinately  long 
frequency  determination  averaging  time  Is  of  no 
benefit  since  the  ambiguity  of  the  measurement 
remains  constant  versus  averaging  time.  On  the 
positive  side,  the  third  observation,  also  due  to 
flicker  FM,  Is  that  a  long  ageing  determination 
averaging  time  is  highly  advantageous.  This  may  be 
shown  quite  convincingly  by  applying  the  Allan 
Variance  to  the  frequency  data  of  F’g.  5  and  in  so 
doing  obtaining  Information  concerning  the  Allan 
Variance  of  the  drift  versus  averaging  time. 

Figure  10  Illustrates  this  relationship  and 
shows  a  1/t  relationship  between  the  Allan  Variance 
of  the  drift  coefficient  opcr),  versus  t.  Specifi¬ 
cally,  for  an  averaging  time  of  10&  seconds  the 
drift  should  be  measurable  with  an  ambiguity  of 
approximately  3  x  10-12/day.  The  drift  measurement  • 
error  realized  In  the  experiment,  with  an  averaging 
time  of  6  x  105  seconds,  and  being  -3.96  x  10*12 
lends  some  credence  to  this  idea. 

Conclusions 

The  authors  realize  that  a  single  12  day  run  of 
data  Is  not  sufficient  to  make  concrete  statements 
concerning  the  performance  of  this  Instrument, 
however  the  following  general  remarks  are  felt  to  be 
In  order; 

1.  The  performance  realized  appears  to  be 
noise  limited. 

2.  The  temperature  sensitivity  of  the 
oscillator  under  control  Is  of  prime 
Importance. 

3.  To  compensate  ageing,  as  long  an  averaging 
time  as  practical  is  to  be  attained. 
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BVA  Quartz  Crystal  Resonator  and  Oscillator  Production 
A  statistical  review 
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In  earlier  publications1'  2«  ^he  design 
of  the  BVA  quartz  resonator  has  been  presen¬ 
ted.  All  these  papers  dealt  with  preproduc¬ 
tion  models  of  the  BVA.  Since  that  time  it 
has  been  necessary  to  find  a  design  that  at 
the  same  time  allows  easy  manufacturing  and 
good  production  repeatability. 

Actual  design  of  the  BVA  Resonator 


measure  this  effect. 

Another  typical  characteristic  of  the  BVA 
is  its  special  cold  weld  enclosure.  Because 
we  wanted  to  be  able  to  bake  out  the  fi¬ 
nished  resonator  at  250*C  while  pumping  It  to 
10“8  mbar  with  a  cryo  pumping  system,  we  de¬ 
signed  the  cap  with  a  pinch-off  tube.  In  this 
way  we  can  avoid  expensive  manipulations  In 
the  vacuum. 


^The  BVA  consists  of  an  electrodeless  re¬ 
sonator  which  is  decoupled  from  its  mounting 
structure  by  four  bridges  fPt^ri).  These 
bridges  have  a  width  of  only  .4  mm  to  get  the 
mounting  stresses  away  from  the  active  cen- 
terpart  as  much  as  possible.  The  electrodes 
are  plated  on  two  more  pieces,  called  con- 
densors,  which  are  made  also  of  AT  Quartz 
blanks  with  the  same  cutangle  as  the  reso¬ 
nator  blank.  Since  the  BVA  is  designed  as  an 
oven  quartz  this  is  the  only  possibility  to 
avoid  stresses  due  to  thermal  expansion. 

The  three  parts,  we  call  It  ‘sandwich', 
are  rigidly  hold  together  with  clips  made 
from  stainless  steel  l£4gv-21.  To  protect  the 
fragile  bridges  against  shocks  the  whole 
sandwich  is  mounted  with  springs  into  a  rigid 
cage  consisting  of  the  base  Plate  and  a  cover 
plate  which  are  fixed  to  4  columns  (FHk-5),^ 

This  fairly  complicated  mounting  structure 
was  not  used  initially.  Earlier  mounting 
structures  resulted  In  long  term  stability 
measurements  such  as  shown  in  Fig.  4.  The  so¬ 
lid  line  is  the  frequency  deviation  a f /f  vs. 
time  and  the  dashed  line  is  the  barometric 
pressure.  There  is  no  need  to  calculate  a 
correlation  factor.  After  that  unhappy  expe¬ 
rience  there  was  no  doubt  that  better  de¬ 
coupling  of  the  sandwich  from  the  enclosure 
was  needed.  With  todays  suspension  we  cannot 


The  entire  mounting  Is  performed  in  a  glove 
box  filled  with  dry  nitrogen  (<  40  ppm  H2O). 
Experience  has  shown  that  humidity  and  pre¬ 
sence  of  oxygen  are  the  bigger  enemies  than 
dust,  since  the  presence  of  the  latter  can  be 
detected  almost  instantly  whereas  oxidation 
problems  are  not  revealed  until  the  ageing 
measurement . 

Production  Statistic  of  BVA  resonator 

We  have  produced  about  200  resonators  so 
far,  thus  a  quantity  that  provides  us  with 
production  statistics.  Since  we  were  trying 
different  raw  material  some  of  the  histograms 
show  a  secondary  peak. 

Load  resonance,  frequency  deviation  at 
turnover  is  shown  in  Fig.  5.  Because  with  an 
electftdeless  resonator  it  is  not  possible  to 
measure  the  frequency  at  the  same  time  you  ad¬ 
just  it,  it  was  clear  that  this  was  one  of  the 
main  problems  of  the  BVA  manufacturing  pro¬ 
cess.  In  this  production  step  we  had  to  go  the 
whole  learning  curve,  but  as  can  be  seen  from 
the  attained  mean  value  of  -.066  ppm 
(a  •  .26  ppm)  this  problem  has  been  overcome. 

Turnover  temperature.  A  histogram  is  shown 
m  Fig.  6.  We  got  a  mean  of  8675  C  and  a 
0  -  674  C  which  seems  large  for  an  angle  to¬ 
lerance  of  *  15  sec  of  arc  but  which  can  be 
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explained  by  the  different  raw  material  used. 

Series  resistance  ,  histogram  Fig.  7, 
shows  a  secondary  peak  near  66 n  ,  the  mean 
value  is  72. 6n  ( a  »  4,7n  ).  Of  course  these 
resistances  are  related  to: 

quality  factor.  Fig.  8.  Here  a  secondary 
peak  appears  due  to  the  use  of  russlan  quartz 
(near  2.9  •  106). 

notional  Inductance,  Fig.  9,  shows  a  very 
large  dispersion.  Beside  the  secondary  peak, 
the  1 1  values  scatter  because  in  the  case  of 
an  electrodeless  quartz  the  gaps  (nominal 
lCuresp.  6  v )  intervene. 

Motional  Capacitance,  Fig.  10,  of  course 
shows  the  same  distribution  as  Lx. 

Initial  ageing.  Typical  ageing  curves  can 
be  found  in  Fig.  llar.d  12.  2  •  10'u/day  is 
guaranteed. 

2  g  sensitivity  Vector 

For  the  2  g  sensitivity  measurements  we 
use  a  turntable  with  50  positions  that  is 
shown  In  Fig.  13.  We  measure  every  7T2  the 
frequency  by  a  beat  method  against  a  synthe- 
zlser.  Each  frequency  measurement  Is  repeated 
20  times  and  the  average  as  well  as  the  sigma 
is  calculated  and  dumped  into  the  memory  of  a 
HP  9835  desktop  calculator.  The  sigmas  we  get 
in  this  way  are  in  the  low  10-1Jwhlch  Is  suf¬ 
ficient  to  measure  frequency  variations  of 
10_lcdue  to  the  acceleration  vector. 

In  the  electrodeless  resonator  one  of  the 
main  stress  sources,  the  electrode  stress,  is 
avoided,  so  we  felt  that  the  direction  of  2  g 
sensitivity  vector?  could  tell  us  something 
about  it's  origin.  Since  in  the  case  of  the 
BVA  the  position  of  the  resonator  blank  with¬ 
in  the  enclosure  is  known  (and  always  the 
same,  which  isn't  the  case  for  third  overtone 
units  m  a  HC-36/U  can)  it  was  easily  possible 
to  trace  the  r vector  in  blank  coordinates. 

In  the  following  we  will  use  an  axonometrlc 


plot  as  m  Fig.  14.  We  have  a  sketch  of  the 
blank  (with  the  bridges)  and  the  axis  X,  nAX 
and  V  with  nAT  being  the  normal  to  the  AT 
blank. 

The  measurements  give  directly  the  Af/f 
vs.  i(i  plots  for  the  rotations  1,  2  and  3  that 
are  marked  on  the  left  side  of  Fig.  15.  A 
least  squares  fit  is  then  passed  through  the 
data  to  obtain  the  peak  deviation  and  the 
offset  angles.  The  solid  line  are  the  least 
squares  fit  values.  After  some  vectorial  cal¬ 
culation  we  get  the  direction  of  the?  vector 
in  blank  coordinates  (shown  on  the  right 
side). 

Fig.  16  shows  the  same  thing  for  another 
quartz.  You  see  r  =  7  •  10-1(>/g  what  is  about 
3  times  smaller  than  for  a  classical  5th 
OT  AT  resonator.  Slncer  wasn't  parallel  to 
nATas  we  first  expected,  we  concluded  that 
there  must  be  a  stress  configuration  that  Is 
caused  by  the  mounting  structure  In  general 
and  especially  in  the  mounting  clips.  Impro¬ 
ving  the  precision  In  manufacturing  the  clips 
resulted  in r  measurements  of  Fig.  17  with 
r  -  3  •  lC-10/g. 

For  comparison,  Fig.  18  shows  the  same  plot 
for  a  5  MHz  3rd  OT  SC  BVA  resonator.  Here  we 
get  r  »  1.7  ■  10"lo/g  which  is  about  10  times 
smaller  than  the  classic  AT  resonator. 

We  feel  that  the  reason  for  these  small 
values  must  lie  in  the  bridge  locations  since 
the  shape  of  the  active  part  of  the  resonator 
is  exactly  the  sane  as  for  a  classical  5th  OT 
resonator.  Fig.  19  is  a  plot  provided  by 
A.  Ballato4  .  The  location  of  the  bridges  are 
exactly  the  points  A  through  D.  These  are  the 
angles  where  the  force-frequency  coefficient 
Kf  (*)  becomes  zero. 

Fig.  20  shows  a  summary  of  about  50 
measurements  m  a  general  position.  By  rota¬ 
tion  of  the  axonometrlc  8X1$  we  can  get  easily 
the  m-plane  components  or  in  another  case  the 
out-of -plane  components  of  the r vector.  We 
hope  that  these  plots  will  reveal  the  origin 


of  the  stress  configuration.,  but  results  are 
not  yet  available. 

Performance  of  oscillators  with 

BVA  resonator? 

To  take  full  advantage  of  the  BVA  resona¬ 
tor,  it  has  been  necessary  to  develop  a  new 
oscillator.  That  development  was  reported  by 
E.P.  Graf  3  in  more  detail.  This  paper  will 
be  restricted  to  measurements  only. 

The  measurements  are  made  on  Oscllloquartz 
Model  8600  production  oscillator  units.  Fre¬ 
quency  measurements  are  made  against  our 
house  reference  consisting  of  3  cesium  beam 
standards.  Sometimes  it  was  necessary  to  use 
of  a  separate  cesium  beam  standard  to  avoid 
noise  pick  up  in  the  long  distribution  lines; 
in  this  case  the  used  standard  is  traceable 
to  the  reference. 

Frequency  vs.  ambient  temperature.  Fig.  21 
gives  the  distribution  for  the  relative  fre¬ 
quency  deviation  vs.  ambient  temperature 
(-30  to  +70*0.  In  the  operating  temperature 
range  we  get  a  mean  deviation  y  *  3.7  •  10 n<? 

Fregyeto  v$. .change.  o.f  power  supply  vol¬ 
tage.  For  a  *  10Z  change  In  power  supply 
voltage  we  get  a  mean  relative  frequency 
change  of  y  »  3.8  ■  10"11.  (Fig.  22) 

StorJL term  stability,  The  two  sample  Allan 
Variance  for  t  *  10  sec  gives  a  mean  of 
3.5  •  lOr^Flg.  23).  This  measurement  is  made 
against  a  second  Model  8600  oscillator.  Mea¬ 
surements  were  made  against  an  Oscllloquartz 
EFQS-1  Hydrogen  maser;  these  results  are  pub¬ 
lished  elsewhere5. 

Phase  noise  data.  On  the  right  side  of 
Fig.  24  we  find  the  characteristical  slopes 
f-3,  f_1and  f°.  On  the  left  side  we  give 
histograms  for  the  intersection  of  these 
straight  lines  with  the  1  Hz  Ordinate.  By  this 
way  we  get  a  mean  value  of  -122.2  db  for  f-} 
-135.3  db  for  fland  a  white  phase  noise  of 
-152.7  db. 


Conclusions 

.  1.  Although  of  complicated  design.,  the 
BVA  resonator  can  be  manufactured  with  repe¬ 
titive  performances.  Frequency  adjustment  can 
be  done  with  excellent  precision  even  though 
in  situ  plating  cannot  be  applied. 

2.  Systematic  2  g  sensitivity  measure¬ 
ments  turn  out  to  be  a  very  efficient  tool 
for  stress  studies,  especially  In  the  case  of 
an  electrodeless  resonator  where  mounting 
stresses  are  not  masked  by  electrode  stress. 
It's  not  easy  to  measure  the fvector,  but 
once  the  data  is  available  for  statistical 
purposes  they  can  be  used  as  'three  dimen¬ 
sional  needles'  pointing  straight  forward  to 
points  where  something  Is  wrong. 

3.  The  Model  8600  oscillator  exhibits  ex¬ 
cellent  performances  in  regard  of  stability 
(long  term  and  short  term)  with  a  very  small 
phase  noise  near  the  carrier. 
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Fig.  13.  Turntable  for  2  g  sensitivity  mea¬ 
surements 


Fig.  14.  Axonometric  plot  of  BVA  blank  in  ge¬ 
neral  position  (the  diameter  corres¬ 
ponds  to  5  •  10“1(5/g). 
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Fig.  15.  r  vs  *  and  f 
in  blank  coor¬ 
dinates  for  an 
early  unit 
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Fig.  16.  r  vs*  and  f 
in  blank  coor¬ 
dinates  showing 
extreme  clip 
influence 


Fig,  21.  Histogram  of  relative  frequency  de 
vlatlon  vs.  ambient  temperature  In 
the  range  from  -  30*  to  +  70’C 


Fig.  23.  Histogram  of  too  sample  Allan  varian 
ce  for  t  •  io  sec 


Fig.  20.  Summary  of  50 r  measurements  shown  in 
a  general  position 
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Fig.  24.  *  data  with  histograms  of  the  inter¬ 
section  of  the  straight  lines  f-3, 
f_I  and  f°  with  the  1  Hz  ordinate 
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Abstract 

- ^To  assess  the  availability  and  quality  of 

moderate  and  high  precision  TCXO,  a  variety  of 
oscillators  was  purchased  and  tested.  Tests 
Included  frequency-temperature  stability  and 
aging.  Oscillators  in  the  1  to  5  ppm  stability 
range  were  found  to  conform  to  specifications, 
except  that  aging  characteristics  were  widely 
variable.  Oscillators  between  0.5  ppm  and  1  ppm 
did  not  fare  as  well.  Significant  percentages  were 
out  of  specification.  Aging  for  these  oscillators 
was  better,  but  still  disappointing  In  many 
cases.  No  correlation  between  price  and 
performance  was  found.  Users  are  cautioned  to 
carefully  specify  and  test  candidate  oscillators 
before  designing  them  Into  systems. 

Introduction 

In  response  to  requests  by  various  military 
systems  managers  and  designers,  a  survey  of  crystal 
oscillator  manufacturers  was  conducted.  Sample 
lots  were  then  ordered  and  tested. 

Survey 

All  known  oscillator  manufacturers  (107 
companies)  were  solicited  by  letter  to  provide 
price  and  delivery  Information  on  two  classes  of 
oscillators.  First,  an  oscillator  was  sought  to 
fulfill  a  specific  system  requirement.  The 
abbreviated  specifications  were:  21.9  MHz;  t5  ppm 
F-T  stability  over  the  temperature  range  -45  to 
+75°C;  1  ppm  first  month  aging;  specified  case  size 
and  pinout;  and  the  usual  Frequency-Voltage, 
Frequency-Load,  etc.,  stability.  Second,  each 
vendor  was  asked  for  price  and  delivery  Information 
on  their  "best  available"  TCXO.  Operating 
characteristics  (frequency,  stability,  waveform, 
load.,  etc.)  were  all  vendor  options. 

There  were  14  positive  replies,  l.e.,  14 
vendors  Indicated  that  either  or  both  classes  could 
be  supplied. 


ordered.  It  Is  Interesting  that  at  the  time  of 
this  writing,  one  year  after  the  initial  order,  two 
vendors  have  not  yet  shipped  their  "best  available" 
oscillators.  A  third  vendor  had  shipped  10  months 
after  order  but  those  oscillators  arrived  too  late 
to  be  Included  in  this  report. 

In  addition  to  the  80  oscillators  purchased 
outright,  25  oscillator  boards  were  removed  from 
new  Army  radios  which  require-  1.6  ppm  overall 
frequency  accuracy  (0.5  ppm  allotted  for 
temperature  effects).  These  25  oscillators  were 
tested  and  results  are  Included  In  this  report. 

Therefore,  the  data  to  follow  Is  based  on  a 
cross  section  of  moderate  (5.0  ppm)  to  high  (0.5 
ppm)  stability  TCXO. 

The  price  range  for  all  oscillators  was 
between  $48  and  $900  each. 

Testing 

All  105  oscillators  were  subjected  to  the 
following  tests:  Frequency-Voltage;  Frequency- 
Load;  Frequency-Temperature;  and  Aging. 

The  Frequency -Voltage  and  Frequency-Load  tests 
were  straightforward  and  followed  the  procedures 
recommended  in  the  current  Specification  for  Quartz 
Crystal  Oscillators  (MIL-0-55310). 

Frequency  vs.  Temperature  (F-T)  Stability 

The  F-T  tests  were  conducted  as  follows:  The 
oscillators  under  test  were  placed  In  a  temperature 
chamber  at  room  ambient  and  quickly  cooled  (within 
10  minutes)  to  -45°C.  The  chamber  was  held  at  the 
low  temperature  for  two  hours  after  which  time  the 
"temperature  run"  commenced.  Temperature  was 
Increased,  stepwise,  at  a  1  degree  per  four  minute 
rate  until  the  maximum  operating  temperature  was 
reached.  Temperature  was  then  decreased  at  the 
same  rate  to  -45°C.  Frequency  readings  were 
recorded  at  one  degree  Intervals. 


Sample  quantities  of  5  each  were  ordered  from 
13  of  the  responding  vendors.  The  basis  for 
selection  was  no  exception  to  the  specifications  of 
the  21.9  MHz  oscillator  or  exceptional  performance 
claimed  for  the  vendor-specified  oscillator. 
Available  funds  limited  the  quantities  purchased  to 
5  each  of  each  kind  from  each  vendor. 

Specifically,  30  of  the  21.9  MHz  oscillators 
were  ordered.  Delivery  time  ranged  from  24  to  32 
weeks. 

Fifty  vendor-specified  oscillators  were  also 


Upon  completion  of  the  run,  the  F-T  behavior 
of  each  oscillator  was  plotted.  Also  presented  on 
each  graph  were  calculations  to  determine  a  set 
point  (at  30SC)  that  would  center  the  frequency 
excursions  about  the  oscillator's  nominal 
frequency. 

Stability  was  calculated  from  the  formula: 


Stability  ■ 


F  max  -  F  min 
- 2 - 


(1) 
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DELTA  F  (ppm) 


1. 


Center  Freq  4500000.00  Hz 
initial  soak  120  min. 


FIGURE  1.  REPRESENTATIVE  F-T  CURVE 


Since  temperature  was  changed  slowly, 
approximating  steady-state  conditions,  any 
difference  between  the  two  F-T  curves  (temperature 
Increasing  vs  temperature  decreasing)  was 
Interpreted  as  thermal  hysteresis. 

A  representative  F-T  curve  Is  shown  as  Fig.  1. 

Aging 

Oscillators  were  aged  while  being  held  at  60° 
t0.05°C  for  a  minimum  of  thirty  days.  The 
oscillators  were  allowed  a  24  hour  stabilization 
period  before  the  first  data  point  was  recorded. 
Subseguently,  frequency  measurements  were  made 
dally.  At  the  conclusion  of  the  aging  measurement 
cycle,  frequency  vs.  time  graphs  were  plotted  for 
each  oscillator.  Figures  2  and  3,  respectively, 
represent  "well  behaved"  and  "erratic" 
performance.  About  60S  of  the  oscillators  were 
well  behaved. 
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Figure  2.  Typical  shape  of  the  A6IH6 

CURVE  OF  A  "HELL  BEHAVED 
OSCILLATOR. 
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Test  Results 

All  105  oscillators  passed  the  Frequency- 
Voltage  and  Frequency-Load  tests. 

Table  I  is  a  sunnary  of  the  performance  of  the 
21.9  MHz,  t5  ppm  F-T  stability,  oscillators.  (It 
should  be  pointed  out  that  the  oscillators  were 
tested  "as  received".  No  frequency  adjustments 
were  made,  nor  were  tests  yet  performed  to 
determine  the  magnitude  of  the  "trim-effect".) 

Table  II  Is  a  summary  of  the  performance  of 
the  vendor-specified  "best  available"  oscillators. 


It  should  be  pointed  out  that  here,  also,  the 
oscillators  were  tested  "as  received". 

The  data  from  Tables  I  and  II  were  further 
reduced  to  a  pass/fall  matrix  which  constitutes 
Table  3. 


Figure  3.  Typical  behavior  of  am 

OSCILLATOR  WHICH  AGES 
ERRATICALLY. 


TABLE  I 


Results:  21.9  HHz  Oscillators 
Nominal  Specifications: 

21.9  HHz:  5  ppm  (-95  to  75*0;  1  ppm/mo  aging 


GROUP 

PRICE  $ 

F-T  STABILITY(ppm) 

HYSTERESIS(ppm) 

AGIN6(ppm/mo) 

AVG 

HORST 

AVG 

HORST 

1 

513 

.85 

3.4 

.61 

1.08 

.246* 

2 

480 

1.1 

1.8 

.21 

.37 

.036 

3 

600 

1.7 

3.6 

.45 

.78 

.360 

4 

225 

3.0 

5.5 

2.0 

4.7 

.288 

5 

400 

3.1 

3.6 

1.1 

1.9 

>  6 

6 

239 

3.2 

4.2 

1.3 

3.1 

2.73* 

*  One 

UNIT  ceased 

OPERATING 

DURING  AGING 

TEST. 

TABLE  II 


RESULTS:  VENDOR  SPECIFIED  OSCILLATORS 


GROUP 

PRICE 

(*) 

F-T  STABILITY 
(ppm) 

Claimed  AVG  HORST 

TEHP  RANGE 
(OC) 

FREQUENCY 

(HHz) 

HYSTERESIS 

(ppm) 

AGIN6 

(ppm/mo) 

1 

266 

0.5 

.62  1.07 

-45 

TO 

+85 

4.5 

.15 

.36 

2 

812 

0.5 

.47  .58 

-55 

TO 

+85 

9.9 

.20 

.30 

3 

315 

0.6 

1.4  1.6 

-45 

TO 

+75 

1.0 

.48 

.5  (E) 

4 

668 

0.6 

.71  .98 

-40 

TO 

+75 

3.3 

.18 

.34 

5 

385 

1.0 

.91  1.15 

-40 

TO 

+75 

3.5 

.18 

.18 

6 

66 

2.0 

1.2  1.82 

-40 

TO 

+95 

14.4 

.14 

.57 

7 

48 

3.0 

1.9  2.5 

-30 

TO 

+70 

3.6 

1.44 

.25  (E) 

8 

209 

0.5 

not  delivered 

-45 

TO 

+75 

5.0 

- — 

9 

488 

0.5 

NOT  DELIVERED 

-55 

TO 

+85 

3.2 

— 

10 

900 

0.2 

NOT  DELIVERED 

-45 

TO 

+85 

5.0 

/  r“  \  _ 

““ - 

(£)-  erratic 
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TABLE  III 


SUMMARY  OF  ALL  OSCILLATORS 

Stability  Claimed  F-T  Stability  Aging/mo 

(ppm)  ITested  #Passed  IFailed  (ppm) 

5  30  29  1  0.2  (Av6) 

3  550  .25  (E) 

2  5  5  0  .57 

1  5  4  1  .18 

0.6  5  0  5  .34 

0.6  5  4  1  .5  (E) 

0.5  5  2  3  .30 

0.5  25  9  16  .36 


Note  that  the  likelihood  of  finding  good  units 
diminishes  as  the  specified  stability  gets 
better.  (Fifteen  of  the  oscillators  that  were 
ordered,  10  at  0.5  ppm  and  5  at  0.2  ppm,  have  not 
yet  been  delivered.  This  puts  the  vendors 
approximately  five  months  behind  their  own  delivery 
schedule.) 

Interesting  plots  of  performance  vs  price  are 
shown  In  Figs.  4  and  5. 

Fig.  4  Is  a  plot  of  F-T  stability  vs  price. 
Note  the  lack  of  correlation. 

Fig.  5  Is  a  plot  of  30  day  aging  vs  price. 
Again,  there  Is  a  striking  lack  of  correlation. 
For  these  oscillators  good  F-T  performers  are  not 
necessarily  good  agers.  That  Is,  there  Is  also  no 
good  correlation  between  Figs.  4  and  5. 


§  I  i  §  1 

PRICE  ($) 


Figure  4.  Frequency  stability  vs. 
price.  signifies 
oscillators  not  delivered. 


(E)=  ERRATIC 


PRICE  ($) 


Figure  5.  Average  aging  vs.  price. 

'N'  signifies  oscillators 
not  delivered.  E 
signifies  erratic  aging 
behavior. 


Conclusions 

Oscillators  In  the  5  ppm  to  1  ppm  category, 
with  average  first-month  aging  of  0.5  ppm,  appear 
to  be  readily  available.  However,  even  In  this 
moderate  stability  category,  systems  designers  and 
manufacturers  are  cautioned  to  provide  careful 
quality  assurance  Inspections. 

Oscillators  In  the  0.5  ppm  class  appear  to  be 

at  the  very  edge  of  the  state-of-the-art.  Great 
care  should  be  exercized  <n  the  specification  and 
testing  of  these  oscillators  and  It  Is  suggested 
that  supporting  data  be  requested  for  each 
oscillator  of  this  class.  A  user,  therefore,  ought 
to  expect  to  pay  a  few  dollars  for  the  extra 
testing,  but  It  appears  that  the  payoff  In 
troubleshooting  time  saved  and  life  cycle  cost 
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reduction  could  be  well  worth  the  Investment.  On 
the  other  hand,  price  alone  does  not  seem  to  be  a 
realistic  guide  to  expected  performence. 


It  Is  probable  that  many  of  the  higher 
stability  units  were  selected  for  best 
performance.  It  Is  also  probable  that  those 
vendors  who  have  not  yet  delivered  are  still  In  the 
selection  process.  Moreover,  our  solicitation 
letter  clearly  Identified  the  buying  organization 
and  did  not  conceal  the  fact  that  the  purchased 
oscillators  would  be  tested.  In  view  of  this,  one 
should  be  doubly  cautious  when  contemplating  the 
use  of  high  stability  TCXO. 

This  testing  program  will  continue.  “New"  and 
“better"  oscillators  will  continue  to  be  sought  and 
evaluated. 
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Summary 

After  many  years  of  helping  calibration 

aboratories  solve  frequency  and  timing  problems 
on  an  ad  hoc  basis,  the  Time  and  Frequency 
Division  of  the  National  Bureau  of  Standards  is 
offering  a  new  frequency  calibration  service 
that  is  specifically  matched  to  the  user's 
needs.  This  new  service  is  intended  to  take 
advantage  of  the  latest  in  measurement  instru¬ 
mentation,  while  at  the  same  time  keeping  the 
user  costs  low. 

The  new  service  consists  of  identifying  the 
calibration  problem,  obtaining  and  installing 
the  necessary  measurement  equipment,  and  final¬ 
ly,  a  training  seminar  for  the  user.  The  user 
then  obtains  corrections  for  the  accumulated 
calibration  data  via  a  telephone  modem  to  the 
NBS  frequency  measurement  computer.  The  service 
can  use  low  frequency  radio  sianals,  or  Loran-C 
signals,  for  NBS  traceability.^— 

Introduction 

A  frequency  calibration  means  that  a  fre¬ 
quency  source,  a  crystal,  rubidium,  or  cesium 
oscillator,  is  measured  using  a  standard  refer¬ 
ence  frequency.  Data  are  recorded,  but,  for 
several  reasons,  precision  oscillators  are 
normally  not  adjusted  during  each  calibration. 

A  measurement  is  made  and  a  record  is  kept,  but 
adjustments  are  made  only  infrequently.  As  a 
result,  considerable  record  keeping  is  involved. 
The  new  NBS  Frequency  Calibration  system  auto¬ 
matically  measures  and  records  these  calibration 
data. 

Historically,  the  user  of  a  high  quality 
frequency  standard  has  purchased  equipment,  read 
the  manuals,  and  then  proceeded  with  the  cali¬ 
brations.  Although  this  approach  to  frequency 
calibration  has  changed  little  in  several  dec¬ 
ades,  we  at  the  NBS  have  noticed  a  change  in  the 
needs  of  frequency  calibrations  users.  Our 
telephone  calls,  letters,  visitors,  and  atten¬ 
dees  at  NBS  seminars  have  shown  us  that  frequen¬ 
cy  calibration  users  need  a  different  kind  of 
service.  That's  why  this  service  will  empha¬ 
size  a  different  approach  to  frequency  calibra¬ 
tions.  This  approach  is  based  on  NBS  experi¬ 
ences  in  recent  years,  dealing  with  a  wide 
variety  of  users  at  many  levels  of  accuracy. 

Background 

To  start  the  discussion  of  the  new  NBS 
Frequency  Calibration  service,  consider  the 
history  of  frequency  calibration.  Most  labora¬ 
tories  simply  tune  WWV  on  short  wave,  and  zero- 


beat  a  local  oscillator  against  the  WWV  signal. 
This  is  the  most  widely  used  frequency  calibra¬ 
tion  technique  and  is  quite  adequate  for  many 
users.  The  next  step  toward  higher  accuracies 
(better  than  a  part  in  107)  involves  using  a  VLF 
or  a  Loran  receiver  (Figure  1.). 

The  new  frequency  calibration  system  is  not 
so  much  a  change  in  what  is  being  used,  but  how 
it  is  being  used.  A  calibration  laboratory  must 
decide  what  equipment  to  buy,  what  it  will  cost, 
how  it  can  be  made  traceable,  how  much  manpower 
it  will  involve,  and  so  on.  Once  these  deci¬ 
sions  have  been  made,  the  equipment  is  purchased 
and  installed  without  much  trouble.  However, 
the  new  NBS  Frequency  Calibration  service  does 
not  simply  limit  itself  to  equipment  purchase 
and  operation.  Training  for  standards  laboratory 
personnel  is  provided,  as  is  a  direct  telephone 
data  link  to  the  NBS.  After  the  equipment  is 
installed  and  running,  the  user  can  be  assured 
that  the  data  are  correct  and  that  a  traceable 
calibration  has  been  performed. 

As  mentioned  previously,  the  need  for  both 
training  and  follow-up  has  revealed  itself  over 
many  years  of  customer  contact.  NBS  has  addres¬ 
sed  this  need  in  several  ways.  The  two  most 
important  steps  have  been  the  offering  of  fre¬ 
quency  calibration  training  seminars  at  Boulder 
and  the  publication  of  user-oriented  technical 
manuals.  Technical  Note  SS9  is  in  a  second 
printing  and  more  than  8000  copies  have  been 
distributed  to  aid  users  in  making  choices  among 
several  different  frequency  calibration  techni¬ 
ques. 

Two  separate  frequency  calibration  seminars 
have  been  offered.  One  deals  with  frequency 
standards  and  clocks.  It  discusses  time  scales, 
international  agencies  for  time  and  frequency, 
short  and  long  term  stability,  and  noise  in 
oscillators;  and  reviews  commercial  standards, 
timekeeping,  and  clock  modeling.  A  second 
seminar  covers  the  calibration  of  oscillators, 
the  use  of  frequency  counters,  the  day  to  day 
measurement  and  adjustment  of  frequency  standards 
and  the  use  of  Loran-C  and  VLF  signals  (Figure 
2.) 

Even  after  distributing  several  thousand 
copies  of  the  NBS  User's  Manual  and  giving  many 
seminars,  there  was  still  a  missing  element. 
The  attendees  many  times  went  away  with  the 
idea  that  many  frequency  calibration  techniques 
could  be  used,  but  they  were  not  always  quite 
sure  how  to  use  them.  This  same  problem  was 
revealed  by  our  close  contact  with  the  manufac¬ 
turers  of  WWVB,  WrfV  and  Loran-C  receivers. 
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Oscillator  Manufacturers  and  others  who  saw  this 
p rob lea  would  often  tell  their  customers  to  call 
NBS  regarding  frequency  traceability. 

As  the  equipment  purchased  during  the  50' s 
and  60's  gradually  becaiie  obsolete,  users  indl* 
cated  a  desire  to  upgrade  their  laboratory 
equipment.  NBS  is  an  active  member  in  the 
National  Conference  of  Standards  Laboratories. 
The  meabership  of  that  group  was  most  vocal  in 
wanting  higher  quality  calibrations.  As  new 
equipment  is  specified  and  purchased,  the  level 
of  calibration  accuracy  moves  up  from  parts  in 
107  or  10s,  towards  parts  in  1011.  The  new  NBS 
Frequency  Calibration  service  can  accommodate 
all  of  these  requirements.  When  companies 
invest  in  new  lab  equipment,  they  want  it  to 
meet  their  needs  as  far  into  the  future  as 
possible.  But  as  they  increase  calibration 
accuracy,  operator  skill  becomes  more  of  a 
factor.  These  are  the  two  main  areas  the  new 
NBS  Frequency  Calibration  system  addresses: 
what  to  buy,  how  to  use  it,  and  more  important 
how  to  insure  good  traceability  at  high  accuracy 
levels  without  becoming  overly  labor  intensive. 

This  is  an  important  feature.  Users  want 
their  frequency  calibrations  to  be  precise  and 
trouble  free.  Many  laboratories  cannot  afford 
to  spend  large  amounts  of  time  on  frequency 
calibrations  since  they  usually  have  other 
demands  for  available  resources.  The  need  is 
for  an  automatic  system  where  the  operator  isn't 
required  to  learn  a  complex  procedure.  A  sugges¬ 
tion  was  once  made  to  call  this  kind  of  calibra¬ 
tion  service  a  utility,  like  a  telephone.  One 
can  use  it  without  much  training,  and  if  it 
stops  working,  someone  else  is  concerned  about 
it.  The  NBS  goal  was  to  deliver  state-of-the- 
art  calibrations  of  frequency  in  a  way  that  did 
not  unduly  burden  the  user.  It  is  worth  noting 
that  frequency  calibrations  are  relatively  easy 
to  automate,  even  at  distances  of  thousands  of 
miles.  This  cannot  be  said  of  all  the  other 
basic  standards. 

In  the  course  of  a  year,  the  NBS  Time  and 
Frequency  Division  handles  thousands  of  inquiries 
relating  to  frequency  calibrations.  These  range 
from  the  most  casual  use  of  WWV  to  the  most 
sophisticated  frequency  users  wanting  to  increase 
their  calibration  accuracies.  Many  of  these 
users  don't  necessarily  want  superior  accuracy 
but  rather  want  advice  on  installing  and  operat¬ 
ing  a  simple  system  that  will  not  take  much  time 
to  understand.  Often  the  NBS  response  to  these 
inquiries  is  to  refer  them  to  manufacturers  of 
equipment  that  will  meet  their  needs.  NBS 
maintains  a  list  of  manufacturers  just  for  that 
purpose.  Listed  are  all  those  manufacturers  of 
Loran-C  receivers,  WWV  receivers,  GOES  satellite 
equipment  etc.,  known  to  NBS,  but  without  any 
NBS  endorsement  or  certification  of  performance. 
This  1$  done  as  a  service  to  the  manufacturers 
and  the  frequency  calibration  users. 

For  many  years  NBS  has  broadcast  frequency 
calibration  signals  from  several  radio  stations. 
This  has  been  a  very  popular  service.  NBS  has  a 
close  working  relationship  with  most  of  the 


manufacturers  in  the  frequency  calibration 
industry  and  is  active  in  standards  labs  organi¬ 
zations.  Publishing  calibration  manuals  and 
giving  seminars  have  been  useful  activities  and 
they  have  been  well  received.  This  new  NBS 
Frequency  Calibration  service  is  also  a  natural 
step  made  possible  by  the  low  cost  computers  and 
telephone  modems  coupled  with  the  fact  that  high 
accuracy  radio  signals  are  available  nearly 
everywhere. 

A  New  Frequency  Calibration  Service 

Here  is  a  description  of  the  steps  involved 
in  this  new  NBS  Frequency  Calibration  service. 
First,  there  is  initial  contact  with  a  user. 
This  is  followed  by  attendance  at  an  NBS  seminar 
to  help  the  user  decide  on  choices  for  signals 
and  equipment.  Next,  the  user  obtains  equipment 
that  is  compatible  with  the  NBS  recommended  data 
gathering  format,  and  finally,  the  user  becomes 
part  of  an  NBS  frequency  calibration  information 
network.  This  network  has  two  parts.  The  first 
part  is  the  receipt  (by  mail  or  computer  termin¬ 
al)  of  the  current  frequency  data  required  for 
laboratory  traceability.  The  second  part  is  an 
on-line  telephone  modem  link  to  the  NBS  for 
two-way  data  exchange  to  verify  that  the  calibra¬ 
tions  are  correct. 

If  the  initial  contact  goes  beyond  a  simple 
suggestion  or  advice  on  how  to  better  utilize 
existing  equipment,  NBS  offers  the  option  of 
having  the  user  attend  one  of  the  NBS  Time  and 
Frequency  Seminars.  The  initial  contact  will 
usually  suggest  the  level  of  the  difficulty  and 
a  possible  solution.  From  experience,  and 
especially  dealings  with  receiver  manufacturers, 
and  the  NBS  staff  can  determine  what  to  expect 
in  terms  of  signal  reception  problems.  This 
information  is  exchanged  with  users  and  manufac¬ 
turers  so  that  an  informed  solution  can  be 
sought.  In  addition  to  suggesting  contacting 
the  manufacturer  or  his  representative  for  help, 
NBS  also  suggests  that  equipment,  receivers 
especially,  be  tried  at  the  proposed  site  to 
detect  interference  and  signal  level  problems. 
With  many  years  of  experience  in  these  areas, 
NBS  can  usually  locate  problems  and  suggest 
alternatives. 

An  NBS  frequency  seminar  is  the  second  step 
of  the  process  leading  to  an  improved  calibra¬ 
tion  service.  The  seminar  serves  several  pur¬ 
poses.  It  allows  the  user  to  actually  see  the 
kind  of  equipment  that  is  available.  In  the 
seminar  meetings,  many  equipment  options  are 
discussed.  Also,  traceability  to  NBS  is  des¬ 
cribed,  and  the  user  learns  what  his  choices 
will  be  in  terms  of  operator  involvement. 
Emphasis  is  placed  on  the  data  and  its  interpre¬ 
tation.  By  the  time  the  seminar  attendee  leaves, 
his  level  of  familiarity  is  such  that  he  can 
make  a  more  intelligent  choice.  The  seminar 
also  lets  him  see  a  variety  of  equipment  used  to 
record  frequency  calibration  data.  He  sees  a 
number  of  options  in  terms  of  signal  sources, 
crystal,  rubidium,  or  cesium.  He  sees  Loren-C, 
VLF,  or  LF  reception.  He  is  also  introduced  to 
tiae-of-day  systems  and  television  methods,  and 
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gets  to  see  satellite  systems  at  work.  From 
this  experience,  the  user  is  better  able  to 
decide  what  is  best  for  his  laboratory.  He  may 
well  choose  to  stay  with  what  he  has,  thinking 
that  the  possible  added  cost  or  complexity  is 
not  worth  it. 

If  a  decision  is  made  to  get  a  new  system, 
the  next  step  is  obtaining  the  necessary  equip¬ 
ment.  This  will  be  similar  to  the  equipment 
used  in  the  NBS  seminars,  and  the  software  will 
match.  After  getting  the  equipment  installed 
and  working,  the  user  can  utilize  the  telephone 
data  link  to  NBS  and  verify  correct  equipment 
operation.  In  addition,  to  simply  exchanging 
recorded  data,  the  telephone  modem  allows  for 
system  troubleshooting  via  the  phone  line.  This 
has  proved  to  be  very  useful  for  getting  systems 
started. 

To  better  explain  the  details  of  how  this 
service  operates,  consider  the  following  example. 
Imagine  a  user  in  Salt  Lake  City  who  has  a 
frequency  calibration  problem.  He  wants  to 
upgrade  his  frequency  calibration  service  so 
that  he  can  calibrate  newer  counters  with  high 
accuracy  time  bases.  His  actual  measurement 
requirement  is  one  part  in  10l°,  but  he  decides 
to  exceed  this,  to  allow  for  higher  quality 
frequency  calibration  needs  in  the  future.  He 
talks  to  his  manufacturers'  representative  and 
views  several  equipment  demonstrations.  However, 
he  is  unsure  about  how  to  achieve  traceability, 
and  at  the  representative's  suggestion,  calls 
NBS.  From  this  initial  contact,  he  learns  that 
his  options  are  to  use  WWVB  at  60  kHz  or  Loran-C 
from  the  West  Coast.  To  further  increase  his 
understanding,  to  train  a  member  of  his  staff, 
and  to  see  actual  equipment  in  use,  he  registers 
to  attend  a  NBS  frequency  seminar. 

This  user  is  looking  for  cost  trade-offs 
and  is  concerned  about  how  complex  the  system 
will  be  after  it  is  installed  and  running.  He 
wants  to  see  real  data  being  recorded  and  handled 
on  a  daily  basis  and  wants  to  talk  about  his 
problem.  So  the  NBS  seminar  is  a  good  choice. 
At  NBS,  we  have  found  that  precision  frequency 
calibration  services  have  not  always  been  well 
understood.  Direct  user  training  has  been  one 
result  of  attempts  to  solve  this  problem.  Even 
though  we  how  have  technical  literature  that  is 
fairly  easy  to  read,  hand-on  experience  is 
invaluable. 

At  the  NBS  seminar,  the  user  sees  Loran-C 
and  WWVB  equipment  being  used  and  the  data  from 
those  receivers  being  plotted  and  analyzed 
(Figure  3.).  He  gets  a  feeling  for  the  kind  of 
data  he  will  have  to  handle  to  achieve  his 
target  objective  of  parts  in  1011  calibration 
accuracy.  He  sees  equipment  from  a  number  of 
manufacturers  in  operation.  During  the  seminar, 
he  talks  with  other  users  and  with  them  makes 
comparisons  of  the  options  available  to  him. 

Finally,  he  decides  that  even  though  WWVB 
is  receivable  in  Salt  Lake  City,  he  will  select 
Loran-C  as  a  calibration  source  and  will  use  an 
automatic  data  logger  (Figure  4.).  This  choice 


gives  him  state-of-the-art  frequency  calibra¬ 
tions.  At  the  NBS  seminar,  the  user  sees  Loran-C 
tracking  receivers  running  with  little  or  no 
attention  and  also  notes  that  the  data  logging 
system  takes  care  of  power  outages  and  is  de¬ 
signed  to  minimize  operator  interaction.  At  the 
other  end  of  the  telephone  line,  NBS  can  provide 
assurance  (automatically)  that  the  data  being 
recorded  is  valid.  The  user  then  gathers  up  his 
seminar  material  and  returns  to  his  laboratory 
ready  for  the  next  phase,  which  is  getting  the 
equipment  together.  Depending  on  his  choices, 
the  equipment  costs  should  remain  modest  (Fig¬ 
ures  5  and  6).  This  reflects  a  primary  design 
goal  by  NBS  to  make  the  system  affordable, 
automatic,  and  easy  to  operate. 

As  his  equipment  is  delivered,  the  user 
will  work  with  his  manufacturers'  representa¬ 
tives  to  get  it  installed.  Using  NBS-compatible 
software,  he  can  go  at  once  into  a  debugging 
phase  where  his  data  can  be  compared  with  data 
recorded  at  the  NBS.  This  provides  the  assur¬ 
ance  that  the  calibrations  are  valid.  The 
seminar  training  material  will  also  contain 
examples  of  data  plots  and  oscillator  perfor¬ 
mance  evaluation. 

As  questions  arise,  the  user  can  "see"  the 
performance  of  his  Loran  based  system  by  plotting 
data  obtained  at  his  site.  Conversely,  NBS  can 
also  look  at  his  data  via  telephone  modem.  This 
two-way  data  exchange  is  a  most  valuable  charac¬ 
teristic  since  it  can  resolve  many  of  the  pro¬ 
blems  associated  with  precision  frequency  cali¬ 
brations.  This  user  will  also  have  a  Frequency 
Calibration  Bulletin  available  to  him.  This  is 
a  published  list  of  the  performance  of  some 
accurate  signal  sources,  such  as  WWVB,  Loran-C, 
and  several  VLF  stations  (Figure  7).  He  can 
obtain  these  data  by  telephone  and  will  also  get 
a  copy  by  mail  at  monthly  intervals.  Since  the 
software  is  compatible,  his  plots  will  overlay 
the  NBS  plots  and  he  can  identify  system  trou¬ 
bles. 

The  user  now  has  a  high  quality  system  that 
he  understands  and  that  fulfills  his  require¬ 
ments.  The  system  runs  with  the  least  trouble 
and  Inconvenience  to  him  and  can  be  upgraded  as 
new  developments  emerge.  If  the  user  has  staff 
changes,  he  can  send  additional  persons  to  an 
NBS  seminar  for  training.  He  will  feel  that  he 
is  a  part  of  larger  system  and  that  help  is 
available.  This  is  in  contrast  to  the  situation 
in  recent  years  where  each  user  was  essentially 
isolated. 

Another  benefit  is  built  into  the  system. 
Suppose  in  our  example  that  an  air  base  near 
Salt  Lake  City  has  a  contractor  who  wants  to 
check  some  timing  equipetent.  This  new  user  can 
benefit  from  the  data  base  aspects  of  the  new 
NBS  Frequency  Calibration  system.  Each  new  user 
in  an  area  can  compare  his  data,  via  the  NBS 
data  base,  with  others>  In  this  example,  If  two 
users  are  tracking  Loran-C,  any  suspicious  data 
can  be  tracked  down  and  the  cause  located.  In 
an  area  that  has  many  users,  the  overall  quality 
of  calibrations  will  likely  Improve,  especially 
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if  some  users  maintain  very  high  quality  f  requerv 
cy  standards. 


Conclusion 

The  N8S  feels  that  this  new  service  plan 
will  meet  a  critical  need  for  frequency  calibra¬ 
tion  users.  It  has  been  planned  to  provide  all 
the  necessary  training,  data  logging,  feedback, 
and  follow- up.  As  improvements  in  technique  are 
developed  at  NBS,  they  can  be  incorporated  by 
substitution  or  modification  of  system  software. 
If  lower  cost  options  or  peripherals  are  devel¬ 
oped,  they  too  can  be  easily  incorporated. 


FIGWE  1.  STMPLE  FREQUENCY  CAUKUTIW  SYSTEM  ( COMMUTE*  OPTIONAL) 


nil*  is  a  new  Mdnct  that  incorporate*  new  eat.  art  a  I  into  the  Tim  * 
Frequency  Uwr't  Saw  mat  given  in  previous  years.  It  is  intended  for  engineers 
and  standards  lab  technicians  involved  in  asking  fretpjenry  calibrations.  The 
course  will  be  taught  at  a  practical  level  to  satisfy  those  new  in  the  field  as 
well  ee  aore  experienced  iant.  Methods  taught  will  use  r o— ercial ly-evei latols 
equipment. 


MTS S:  October  25,  X,  and  27. 


LOCATION:  %tionel  Bureau  of  Standard* 

325  Broadway 
Boulder,  CO  9D302 


TOPICS  COVWtt):  CRYSTAL  OSCILLATOR  CALIBRATION 

APPLICATIONS  OP  FREQUENCY  COUNTERS 

HON  TO  CHOOSE  A  FREQUENCY  CALIBRATION  SOURCE 

CARE  AMD  USE  OF  FREQUOCY  SOURCES 

USING  LORAM-C  Alt)  *»WB  POR  FREQUENCY  CALIBRATIONS 

TIME  A®  FREQUENCY  MEASU4WUVT  ASSURANCE  SERVICES  AT  IBS 

ORGANIZATION  OF  TIME  AID  FREQUOCY  IN  THE  U.S. 

IBS,  US  NO,  Alt)  OTHER  PUBLICATIONS 


Although  all  of  the  above  subjects  will  be  covered,  aephaais  will  be  on  asking 
practical  frequency  raan*ur«wits  and  calibrations. 


Registration  fee  includes  teaching  materials,  supplies,  coffee  and  refreshment*, 
and  certificate  of  otapletion. 

REGISTRATION  DEADLINE:  October  11. 

CANCELLATION:  Registration  fee  will  be  refunded  in  full  only  if  notice  of 
cancellation  is  received  at  IBS  prior  to  October  1}. 

HAKE  CHBCK5  PAYABLE  TO:  SEMINAR  CM  FREQUENCY  HEASUREMDfTS  AW)  CALIBRATIONS. 
HOTEL  INFORMATION:  See  page  2. 

INSTRUCTIONS  FOR  ATTPCAMCE:  Complete  and  return  attached  application. 

FOR  FURTHER  nTOBBTION: 

GEWRAL  rwroWttTION:  (303)  497-3212 

TSCWMCAL  IirCIMATICM:  (303)  497-3378 

FIGURE  2.  EXAMPLE  OF  SEMINAR  ANNOUNCEMENT 


FIGURE  3. 


EXAMPLE  Of  LORAM  OAT  A  AS  RECEIVED  AT  THE  MS 


ntuu  5.  cuHPte  of  loo  coir  ms  fnqumci  cauiutio*  swoi 


3.  tHASZ  DEVIATIONS  FDR  NWVB  AND  OTHER  fcBS-+07XTOR0  BROADCASTS 


WWVB  (60  kHz) 

Values  given  for  VMVB  are  the  Ua*  difference  bttwtn  the  line  markers  of  ths  UTC(M96)  tine  scale  end 
the  first  positive-going  *ero  voltage  crossover  Measured  at  the  tranmutting  antenna.  The  uncertainty 
of  individual  neasur— nts  is  plus  or  minus  0.5  sdcrosetxnds ■  value*  listed  are  for  1500  UTC. 


qa,  Worth  Cfckota  (13.1  kHz)  and  Osage,  Hawaii  <11.8  kHz) 


Relative  phase  values  ere  given  for  VLF  etatione  and  only  the  change  ffran  the  previous  available  day's 
reading  is  published.  Days  whm  the  data  were  Satisfactory  but  readings  ware  not  taken  (for  exanple, 
on  \*»kend»  or  station  maintenance  days)  are  narked  (-).  If  data  ware  lost,  continuity  is  also  lost 
and  the  indication  is  (*),  which  means  that  reeding  cannot  be  compared  to  the  previous  day. 


IPRAN-C  Cana,  Indiana  and  LOR W-C  Fallon,  Nevada.  (100  kHz) 

Values  for  Loran-C  (Dana)  and  Loran-C  (FHllon)  are  the  tine  difference  between  the  UTC(NRS)  tine  pulses 
and  the  1  ppe  output  of  the  Loran-C  receiver. 


UTC(NBS)  -  RECEIVED  PHASE  (in  Mierosecortfs ) 

1963 

MJD 

wna#w  phase 

(in  Microseconds) 

0«GA 
(11.6  kHr) 

MQA 
(13.1  k HZ) 

LQMM-C  (MIA) 
(100  Ufe) 

LORAN-C  (FALLON) 
(100  kHz) 

1 

45425 

5.80 

(-> 

(-) 

62295.95 

3947.01 

2 

45426 

5.70 

<-> 

(-) 

62295.83 

3947.08 

3 

45427 

5.70 

♦  1.2 

-  1.4 

62295.84 

3947.05 

4 

45428 

5.71 

0.6 

♦  0.1 

62296.02 

3947.05 

5 

45429 

5.73 

♦  0.9 

♦  2.1 

62295.93 

3947.00 

6 

45430 

5.69 

♦  1.6 

-  0.6 

62295.94 

3947.06 

7 

45431 

5.79 

-  2.2 

0.1 

62295.89 

3947.12 

8 

45432 

5.70 

1.3 

-  0.3 

62295.78 

3947.22 

9 

45433 

5.72 

-  0.8 

1.4 

62295.64 

3947.33 

10 

45434 

5.74 

-  0.3 

-  0.1 

62295.64 

3947.48 

11 

45435 

5.75 

♦  0.1 

-  0.6 

62295.80 

3947.57 

12 

45436 

5.68 

♦  0.9 

-  1.5 

62295.87 

3947.57 

13 

45437 

5.69 

-  0.6 

♦  1.1 

62295.78 

3947.61 

14 

45438 

5.75 

♦  2.3 

-  0.8 

62295.84 

3947.62 

15 

45439 

5.77 

-  0.7 

1.4 

62295.76 

3947.66 

16 

45440 

5.67 

♦  0.1 

-  0.2 

62295.47 

3947 .80 

17 

45441 

5.65 

♦  0.9 

4-  0.1 

62295.47 

3947.95 

18 

45442 

5.64 

-  0.3 

0.0 

62295.49 

3947.95 

19 

45443 

5.64 

♦  1.2 

-  0.4 

62295.62 

3948.02 

20 

45444 

5.65 

-  0.1 

-  0.1 

62295.56 

3948-06 

21 

45445 

5.72 

-  0.4 

-  0.3 

62295.6 2 

3948.12 

22 

45446 

5.72 

-  1.1 

-  1.2 

62295.71 

3948.16 

23 

45447 

5.72 

-  1.9 

4-  1.2 

62295.42 

3948.22 

24 

45448 

5.72 

1.5 

-  0.1 

62295.41 

3948.24 

25 

45449 

5.72 

♦  3.0 

4-  0.6 

62295.55 

3948.28 

26 

45450 

5.85 

♦  0.8 

-  0.7 

62295.54 

3948.34 

27 

45451 

5.67 

-  1.8 

-  0.2 

62295.56 

3948.37 

28 

45452 

5.66 

-  0.9 

♦  0.7 

62295.57 

3948.38 

29 

45453 

5.66 

♦  0.5 

-  0.1 

62295.63 

3948.38 

30 

45454 

5.66 

♦  0.6 

-  1.4 

62295.S2 

3948.35 

Valins  for  Onega  and  Lcran-C  are  as  received  at  MS,  Boulder,  Colorado.  Values  are  4-hour  averages 
taken  from  1600-2000  ITTC  daily.  VLF  data  are  reported  exactly  as  seen.  Base  days  shoe  variations 
dm  to  signal  loss  or  station  outages.  The  data  are  still  useful. 


FIGURE  7.  AN  EXAMPLE  OF  PUBLISHED  FREQUENCY  CALIBRATION  DATA 
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Specifying  Performance  for  Atomic  Standards 


Joe  White 

U.S.  Naval  Research  Laboratory 
Washington,  D.C.  20375 


SUMMARY 


1 — the  needs  for  precise  time,  time  interval 
and -frequency  continue  to  increase  the  demand  for 
atomic  frequency  standards  has  also  grown-.  This 
paper  is  designed  to  aid  those  whose  program 
requirements  now  include  these  devices.  There  are 
several  areas  where  specifications  of  atomic  clocks 
vary  significantly  from  crystal  oscillator 
specifications.  These  include  stability, 
environmental  sensitivity,  reliability,  and  testing. 
At  this  time,  there  is  no  general  military 
specification  for  atomic  standards. 

The  Naval  Research  Laboratory  has  extensive 
experience  in  procuring  atomic  standards  in  GPS  and 
other  programs.  Examples  based  on  experience  are 
included.  The  level  of  detail  required  /or 
particular  applications  is  discussed.  /  • 


INTRODUCTION 

With  the  increased  utilization  of  high 
technology  hardware  the  demand  for  atomic  frequency 
standards  is  increasing.  For  government  agencies 
and  system  prime  contractors  who  cannot  use  off  the 
shelf  commercial  clocks  there  is  no  general  military 
specification  for  use  in  procurements.  As  a  result, 
each  individual  agency  has  generated  unique 
specifications  as  required  to  meet  its  own  needs. 

Of  these,  only  one  has  been  made  into  a  KtL-SPEC 
(MIL-SPEC-28811  (EC))-.  The  purpose  of  this  paper  is 
to  provide  guidance,  In  the  absence  of  a  general 
specification-,  in  the  preparation  of  a  specification 
for  atomic  clocks  for  a  particular  user  application. 

USING  EXISTING  SPECIFICATIONS 

Many  of  the  features  desired  in  atomic  clocks 
are  sufficiently  similar  to  quartz  oscillators  to 
allow  use  of  portions  of  the  existing  crystal 
military  specifications.  These  include  such 
parameters  as  RF  outputs,  time  ticks,  pulse  trains, 
synchronization,  and  quality  control .  Papera 
describing  those  specifications  are  included 
elsewhere  in  these  proceedings. 

It  is  also  possible  to  use  the  framework  from 
these  specifications  for  guidance  in  parta 
selection,  environmental  stability,  and  testing. 
Problems  generally  arise  in  these  areas  due  to  the 
physics  units  in  atomic  clocks.  These  problems  fall 
into  four  basic  categories.  They  are 
1.  Nonstandard  Parts 
i.  Environmental  Limltationa 
Testing 

4-.  Maintainability 


NONSTANDARD  PARTS 

Unlike  the  crystal  resonator  used  in 
oscillators,  the  physics  packages  used  in  atomic 
standards  have  yet  to  reach  the  degree  of 
manufacturability  which  would  allow  it  to  be  fully 
described  in  a  military  specification;  There  are  a 
number  of  commercial  vendors  who  maintain  production 
lines  of  cesium  or  rubidium  clocks  and  there  are 
also  vendors  who  are  preparing  to  manufacture 
hydrogen  standards.  Each  of  these  sources  has  a 
"recipe"  for  a  reproducible  physics  unit;  What 
actually  goes  into  the  finished  product  is  a  mixture 
of  electronic  and  mechanical  engineering  and  magic. 
The  magic  exists  in  the  forms  of  trade  secrets, 
patents  and  proprietary  processes.  It  is  these 
secrets  which  mean  the  difference  between  a  viable 
commercial  product  and  a  laboratory  curiosity.  In 
most  cases,  the  government  did  not  pay  for  the 
development  of  the  manufacturing  technology  and  thus 
may  have  no  clear  claim  to  know  its  details 
sufficiently  well  to  specify  production-. 

Another  problem  that  arises  in  this  area  is 
prediction  of  reliability.  Reliability  predictions 
are  based  on  statistical  evidence  of  performance. 
Many  atomic  standards  are  not  produced  in  large 
enough  numbers  to  produce  a  sound  statistical  base. 
If  the  proposed  application  requires  either 
exceptional  reliability  or  a  good  reliability 
prediction,  only  a  few  types  of  physics  units  which 
have  been  produced  commercially  in  large  numbers 
have  a  sufficient  data  base. 

For  example,  consider  a  program  which  desires  a 
7.5  year  lifetime  for  clocks.  None  of  the  cesium 
beam  clocks  currently  under  development  for  the 
program  have  been  manufactured  in  a  large  enough 
quantity  to  calculate  a  MTBF  with  sufficient 
confidence.  The  approach  for  meeting  the  system 
reliability  goal  has  two  parts.  The  first  is  to 
require  that  the  reliability  for  those  subassemblies 
of  the  clocks  for  which  conventional  methods  apply, 
be  built  under  strict  controls  with  the  appropriate 
class  of  parts.  The  second  is  to  apply  what  is 
known  about  life  limiting  factors  in  the  cesium  beam 
tube.  A  procurement  package  should  include  a 
requirement  for  potential  vendors  to  show 
reliability  estimates  and  the  methods  used  to  obtain 
their. 

ENVIROWCNTAL  PERFORMANCE 

TEMPERATURE 

Like  crystal  oscillators,  the  atomic  standards 
show  a  change  in  output  frequency  with  respect  to 
ambient  temperature.  Over  the  normal  operating 
range  of  the  clook,  the  temperature  coefficient  is 
considerably  lower  than  that  achieved  with  a 
crystal.  The  operating  range  for  aome  atomic 
standards  is  less  than  the  full  military 
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specification  range.  It  is  important  that  the 
specification  match  or  exceed  the  expected 
temperature  range  for  operating  the  clock  and  that 
the  nature  of  the  clock's  performance  near  the 
expected  extremes  is  specified  and  understood. 
Another  area  of  concern  in  the  specification  is 
defining  how  the  temperature  coefficient  is  to  be 
determined.  The  relationship  between  output 
frequency  and  ambient  temperature  is  not  usually 
linear  nor  can  it  always  be  expected  to  have  the 
exact  same  shape  in  several  clocks  of  the  same 
design.  It  is  possible  that  the  temperature 
coefficient  of  a  clock  measured  over  a  wide 
temperature  range  would  show  a  much  smaller  change 
per  degree  than  the  same  clock  when  measured  over  a 
smaller  range.  Some  clocks  will  be  used  in 
environments  where  temperature  changes  are  limited 
to  a  few  degrees  in  an  effort  to  improve 
performance.  A  narrow  range  instability  would  cause 
very  poor  performance  if  it  fell  within  the 
operating  range.  The  specification  should  include  a 
method  of  measuring  the  temperature  sensitivity  that 
will  ensure  adequate  performance. 

ACCELERATION  AND  VIBRATION 

Atomic  clocks  tend  to  be  electronically  and 
mechanically  more  complex  than  crystals.  The 
physics  units  of  rubidiun  and  hydrogen  standards  use 
glass  bulbs.  Cesium  and  hydrogen  clocks  use 
precisely  aligned  magnetic  state  selectors. 

Rubidiun  and  ceslun  clocks  have  been  manufactured 
that  meet  the  GPS  launch  environment  vibration 
requirements  and  it  appears  likely  that  hydrogen 
clocks  can  also  be  made  to  survive  those  levels.  It 
may  be  that  it  will  not  be  possible  to  rugged ize 
these  clocks  sufficiently  for  extremely  strong 
levels  of  vibratiorr. 

The  limitation  in  applications  where  the  clocks 
are  required  to  operate  and  keep  time  through 
vibration  and  acceleration  is  not  the  physics 
package  but  the  internal  crystal  oscillator.  The 
servo  control  loops  of  atomic  clocks  are  optimized 
for  the  time  constant  which  gives  the  best 
performance  over  a  broad  range  of  conditions-.  When 
a  rapidly  varying  rate  of  acceleration  is  applied  to 
the  crystal  oscillator  most  servo  systems  cannot 
maintain  frequency  lock.  It  is  possible  to  obtain 
improved  performance  by  reducing  the  time  constant, 
although  the  short  term  stability  of  the  clock  will 
be  degraded.  Specifications  should  include 
requirements  of  testing  for  stability  during  periods 
of  vibrations  if  the  application  includes  such 
operatiorr. 

VACUUM/ALTITUDE 

There  are  several  areas  of  concern  when 
specifying  operation  in  high  altitude  or  vacuun 
conditions.  Some  commercial  clocks  designed  for 
ground  operation  may  not  retain  good  thermal  control 
in  vacuum  due  to  changes  in  the  heat  flow  paths  as 
the  primary  heat  transfer  mechanism  changes  from 
convection  to  radiation-.  Another  problem  is  corona 
in  the  high  voltage  power  supplies  used  to  operate 
ion  pumps  in  ceslun  and  rubidiun  clocks-.  This 
problem  is  particularly  serious  if  continuous 
operation  is  required  from  air  to  vacuus. 
Specifications  should  clearly  state  the  Intended 
operating  pressure  and  should  include  requirements 
for  testing  in  the  expected  operating  conditions-. 


MAGNETIC  FIELD 

All  atomic  frequency  standards  show  some  change 
in  frequency  in  the  presence  of  external  magnetic 
fields.  To  reduce  sensitivity,  all  include  magnetic 
shielding  in  the  physics  package.  Applications 
hould  be  designed  to  minimize  exposure  to  strong 
fields-.  Specifications  should  indicate  the  strength 
of  expected  magnetic  fields  and  should  require 
testing  to  verify  performance.  If  handling  and 
storage  specifications  are  Included  they  should  be 
designed  to  minimize  possible  magnetization  of  the 
internal  magnetic  shields-. 

STORAGE 

Clocks  using  ion  pumps  in  the  physics  uiits 
usually  require  periodic  operation  of  the  punp  in 
order  to  maintain  vacuun  over  a  long  period  of  time. 
Specifications  should  require  vendors  to  provide  a 
re  comen ded  schedule. 

SHIPMENT 

Hydrogen  masers  have  a  unique  problem  in 
shipment.  Hydrogen  gas  is  considered  by  all 
passenger  air  carriers  to  be  hazardous  cargo.  In 
order  to  ship  a  maser,  it  is  generally  required  that 
the  hydrogen  storage  bottle  be  emptied  and  purged. 
Cargo  only  flights  are  slightly  less  restrictive. 
Specifications  should  encourage  designs  which 
facilitate  meeting  restrictions.  Where  practical 
surface  transportation  is  recommended. 

TESTING 

Atomic  standards  present  several  challenges  in 
the  area  of  testing.  There  are  specific  problems 
related  to  testing  individual  areas  of  performance, 
there  is  a  general  problem  of  having  suitable 
references  available,  and  there  is  also  a  potential 
difficulty  relating  to  the  time  required  to 
adequately  test  some  parameters.  The  factors 
relating  to  individual  tests  are  detailed  in  the 
paragraphs  related  to  the  parameter  in  question; 

The  problem  of  having  a  proper  frequency 
reference  for  testing  varies  in  difficulty  in 
inverse  proportion  to  the  stability  required  from 
the  clock  being  tested.  For  instance-,  a  quality 
crystal  oscillator  is  an  adequate  reference  for 
measuring  phase  noise  and  short  term  stability  for 
some  cesiun  and  rubidiun  clocks.  The  only  suitable 
reference  for  short  term  testing  of  a  hydrogen  maser 
is  another  maser.  High  performance  ceslun  clocks 
are  the  best  commercially  available  long  term 
references.  The  testing  procedure  must  specify  the 
type  of  reference  to  be  used  for  each  test-.  By 
using  LORAN  C  ,  TRANSIT,  or  GPS  it  should  now  be 
possible  for  all  long  term  measurements  to  be 
traceable  to  the  IKS.  Naval  Observatory; 

Total  test  time  is  another  factor  that  should 
be  considered  in  developing  a  test  plan-. 

Measurements  of  frequency  shifts  due  to 
environmental  factors  or  aging  can  require  a  period 
of  hours  or  a  day  for  each  data  point;  It  may  be 
necessary  to  strike  a  balance  between  accpetable 
levels  of  noise  in  the  test  data  and  delivery 
schedule. 


MAINTAINABILITY 

The  primary  concern  in  specifying  malntenanoe 


requirements  for  field  use  of  atomic  standards  is 
understanding  the  level  of  capability  needed  for 
repairs  or  replacement  of  the  physics  in  it-.  As  a 
general  rule  replacement  and  most  adjustments  of  the 
physics  unit  are  high  level  maintenance  operations 
which  require  skilled  personnel-.  Potential  vendors 
should  be  required  to  shew  the  level  of  support 
personnel  and  ancilliary  equipment  required  for  each 
level  of  maintenance. 


PERFORMANCE  SPECIFICATION 

Atomic  clocks  show  much  better  performance  than 
crystal  oscillators  under  most  conditions;  There 
are  significant  differences  in  performance  among  the 
several  types  in  use.  This  section  will  attempt  to 
outline  those  differences  and  indicate  where  care 
should  be  taken  in  specifying  performance. 

ACCURACY 

The  definition  of  the  second  is  based  on  the 
cesium  atom;  Cesium  beam  standards  are  thus  based 
on  the  same  technology  as  the  primary  standards  in 
use  in  some  of  the  world's  major  timekeeping 
laboratories.  The  U.S;  Naval  Observatory  uses  an 
ensemble  of  high  performance  commercial  cesiun 
standards.  Hydrogen  masers  are  also  capable  of  high 
accuracy-.  So  far,  there  are  not  enough  clocks  of  a 
given  design  in  operation  to  make  broad  statements 
about  accuracy,  although  individual  clocks  has  shown 
excellent  performance.  Rubidium  standards  can  be 
adjusted  to  operate  at  the  correct  nominal  frequency 
but  are  not  as  inherently  accurate  as  cesium 
Specifications  should  state  the  accuracy  required 
and  should  also  state  whether  any  comparison  to 
external  references  is  acceptable  in  order  to  meet 
the  frequency  requirement-; 

REPRODUCIBILITY 

Along  with  accuracy  it  may  also  be  desirable 
that  the  clock  return  to  the  same  frequency  after 
being  turned  off  and  then  back  on  at  some  later  time 
after  exposure  to  particular  environmental 
conditions;  The  range  of  performance  in  this 
respect  is  broader;  In  general  cesium  clocks  are 
very  good  at  returning  to  the  same  operating 
frequency  for  the  same  reasons  as  their  accuracy-. 
Depending  on  the  conditions-,  hydrogen  clocks  can 
also  show  excellent  reproducibility;  The 
reproducibility  requirements  must  state  the 
conditions  under  which  the  performance  is  desired 
and  should  require  the  contractor  to  specify  any 
aligment  or  tuning  operations  which  might  be 
required  to  obtain  a  given  level  of  performance. 

DRIFT 

Lew  drift  (change  in  frequency  over  time)  is 
probably  the  single  most  popular  reason  for 
selecting  atomic  frequency  standards  over  crystal 
oscillators-.  There  is  significant  difference  in 
drift  performance  between  the  various  types;  Cesium 
clocks  do  not  produce  measurable  drift  although 
frequency  shifts  may  occur  due  to  changing 
environmental  factors  or  long  term  random  walk 
phenomena.  Hydrogen  and  rubidium  docks  all  exhibit 
some  drift;  The  range  is  from  parts  in  10**12/day 
in  some  rubidium  units  to  ports  in  10**15  per  day  or 
less  in  experimental  masers.  Drift  specifications 
in  rubidium  and  hydrogen  clocks  should  include 
requirements  for  a  test  procedure  which  provides 
adequate  measurement  ability  to  detect  the  true 


drift  rate;  If  a  burn-in  period  is  required,  the 
specification  should  allow  for  it; 

SHORT  TERM  STABILITY 

The  hydrogen  maser  provides  the  best  stability 
of  the  atomic  clocks  for  measurement  times  of  less 
than  one  day.  Cesium  clocks  and  hydrogen  standards 
using  automatic  cavity  turning  are  the  best  long  term 
preformers.  Rubidium  clocks  provide  very  good  short 
stability  for  periods  of  less  than  1  day  but  are 
usually  less  stable  for  longer  preiods  due  to  drift. 
Specifications  for  short  term  stability  should 
define  the  measurements  periods  of  Interest  and  the 
statistical  method  to  be  used  to  determine  the 
stability  from  the  raw  measurement  data;  The  Allan 
variance  is  the  accepted  method  in  the  clock 
comnunity  for  making  stability  estimations-. 

SETT ABILITY 

Settability  is  the  capability  of  adjusting  the 
output  frequency  of  the  clock  to  some  desired  offset 
from  a  reference.  In  the  case  where  high  intrinsic 
accuracy  is  the  most  desired  feature,  there  may  be 
little  need  to  do  such  titling.  In  other  clocks  it 
is  usually  required.  The  specifications  should 
state  to  what  precision  the  tuning  is  to  be  done  and 
should  also  require  that  the  method  used  not 
adversely  affect  the  clock's  performance. 

WARM-UP 

Warm-up  times  range  from  as  "ittle  as  90 
seconds  in  some  rubidiums  to  about  1  day  in  some 
hydrogen  masers;  Warm-up  times  are  based  on  the 
time  required  for  the  ovens  to  reach  operating 
temperature  and  stabilize.  If  the  application 
requires  a  rapid  warm-up  the  specifications  should 
state  not  only  the  desired  warm-up  time  but  also  the 
acceptable  power  consumption  during  the  warm-up 
period  and  the  minimal  acceptable  performance  at  the 
end  of  the  warm-up. 

CONCLUSIONS 

Atomic  frequency  standards  are  showing  great 
potential  as  precision  references  of  time  and 
frequency  in  a  variety  of  applications  which  will 
continue  to  expand.  They  are  not;  however,  the 
answer  to  all  problems  nor  will  they  operate  at 
their  best  in  all  environments.  Manufacturers  of 
these  clocks  are  particularly  dependent  on  receiving 
thorough  and  complete  specifications  of  the  desired 
performance  and  the  expected  environment  in  order  to 
deliver  their  best  effort; 
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Summary 

Platform  distribution  systems  form  the  link 
between  a  time  dissemination  system  traceable  to  the 
U.S.  Naval  Observatory  master  clock  system  and  the 
local  systems  that  require  precise  timing.  The 
distribution  system  serves  the  functions  of  establish¬ 
ing  and  maintaining  accurate  time  and  frequency  and 
distributing  it  to  the  user  systems. 


Although  the  designs  of  these  systems  vary 
widely,  there  are  certain  technical  factors  that  are 
repeatedly  encountered.  In  this  paper,  these  factors 
and  other  considerations  that  are  important  when 
designing  or  specifying  platform  distribution  systems 
are  discussed.  Also  presented  are  certain  areas  in 
which  standardization  could  benefit  not  only  platform 
distribution  system  implementation  but  the  user 
systems  development  as  well.'^*^. 

Introduction 


Numerous  platform  distribution  systems  (PDS)  have 
been  developed  and  employed  by  users  of  precise  time 
and  frequency.  For  purposes  of  definition,  a  Navy 
I  description  will  be  used:  a  platform  distribution 
system  maintains  accurate  time  and  frequency  refer¬ 
enced  to  the  U.S.  Naval  Observatory  (USNO)  and 
distributes  them  to  user  systems  aboard  the  platform. 
While  the  size  and  complexity  of  a  system  that  would 
perform  those  functions  can  vary  widely,  certain 
aspects  are  repeatedly  encountered  and  occasionally 
neglected  in  specifying  or  designing  platform  distri¬ 
bution  systems. 


standardization 


One  of  the  most  important  and  difficult  tasks  is 
defining  what  services  are  to  be  provided.  The  source 
of  the  difficulty  is  a  general  lack  of  standardi¬ 
zation  in  interfaces,  from  the  standpoints  of  both 
format  and  performance  requirements  such  as 
resolution,  spectral  purity,  continuity,  etc. 
Responsibility  for  meeting  some  of  these  performance 
requirements  may  be  assigned  either  to  the  platform 
distribution  system  or  to  the  user  equipment. 

At  present,  a  multitude  of  time  codes,  pulse 
rates  and  frequencies  are  distributed  aboard  various 
platforms,  which  include  land  bases,  ships,  submarines 
and  aircraft.  Much  of  this  proliferation  is  a  result 
of  designing  for  specific  user  applications  instead  of 
generalized  requirements . 

Some  effort  has  been  made  towards  standardization. 
DOD-3TD-1399  (Navy)  Section  ULl  (PTTI  Interface 
Standard),  for  example,  offers  some  guidance.  The 
suggested  formats  are  the  ones  employed  by  certain 
rather  widely  used  Military  timing  equipment,  but 
represent  a  de-factor  standardization  on  20-year-old 
requirements  to  serve  then-existing  user  equipment. 
Although  this  standard  should  serve  to  reduce  the 
proliferation  of  formats,  present  day  technology  can 
further  reduce  it  and  provide  for  more  efficient 
distribution  and  more  precise  service  to  the  user. 
MIL-FID- 188-1 15  (CoMsunications  Timing  and 
Synchronization)  now  under  development  may  further 
refine  the  timing  Interface. 


Functional  Description 

The  three  general  functions  of  the  platform 
distribution  system  (maintaining  an  on-board 
reference,  receiving  updates  from  the  USNO  through  a 
dissemination  system,  and  distributing  timing  to  user 
equipments)  are  illustrated  in  an  example  of  a  H»S 
(Figure  1).  While  details  may  vary  considerably,  the 
example  illustrates  some  functional  areas  that  should 
be  addressed  in  a  more  detailed  specification. 
Multiple  time  and  frequency  standards  are  frequently 
used.  Monitor  and  comparison  functions  are  provided 
for  manual  or  automatic  selection  of  the  on-line 
standard  and  for  time  or  frequency  adjustments.  The 
dissemination  equipment  provides  the  connection  with 
the  USNO  master  clock.  Distribution  format  gener¬ 
ators  (if  used)  may  be  redundant  and  are  selected 
manually  or  automatically  to  drive  the  distribution 
amplifiers,  which  may  also  be  redundant.  Distribution 
cables  or  light  pipes  may  be  specified  as  part  of  the 
system  when  their  routing  is  critical  or  redundant, 
and  the  dissemination  equipment’s  antenna  and  cable 
may  also  form  part  of  the  specification. 


Figure  1 

PLATFORM  DISTRIBUTION  SYSTEM 
(Example) 


To  Beer  Equipment  Interface 


"U.S.  Government  work  not  protact ed  by  U.S.  copyright.''  810 


! 


User  System  Considerations 

User  systan  concerns  that  affect  the  PDS  specifi¬ 
cation  include  continuity  of  service;  time  and 
frequency  accuracy  and  stability;  timing  resolution, 
timing  update  rate  and  ambiguity;  and  frequency 
spectral  purity.  The  linkage  between  time  and 
frequency  services  (phase  relationships,  how  time  is 
updated  by  steps  or  frequency  adjustment,  and  magni¬ 
tude  of  frequency  or  time  adjustments)  may  also  be  a 
user  concern.  The  effect  on  the  user  of  a  complete  or 
Intermittent  loss  of  the  time  and  frequency  service 
can  greatly  influence  the  PDS  specification  and  the 
design  and  cost  of  the  PDS.  Standardized  interfaces, 
including  signal  format(s)  and  a  complete  character¬ 
ization  of  the  services  provided  by  platform 
distribution  systems  can  make  the  specification 
requirements  much  easier  to  arrive  at  both  for  the 
user  system  and  the  platform  distribution  system. 


The  time-signal  distribution  format  should  meet 
considerations  of  frame  length,  time  resolution,  and 
the  allowable  ambiguity  interval.  A  minimum  number 
of  distributed  frequencies  chosen  to  meet  gener¬ 
alized  needs  and  not  necessarily  specific  user  inputs 
may  be  selected  on  the  basis  of  maximum  utility  or 
special  considerations  such  as  reducing  noise  when 
multiplied  to  a  microwave  frequency.  By  providing  a 
proper  interface,  the  number  of  distributed  signals 
can  be  minimized. 

Another  important  consideration  in  distribution 
is  electromagnetic  compatibility  (EMC).  High- 
resolution  time  signals  and  high  frequencies  are  not 
only  degraded  on  coaxial  lines,  but  also  may  radiate 
to  other  systems .  Noise  picked  up  by  leakage  and 
ground  loops  can  also  contaminate  the  distributed 
signals.  Modern  light-pipe  technology  should 
significantly  improve  EMC. 


Platform  Distribution  System  Considerations 

These  user  equipment  considerations  translate 
into  a  set  of  system  considerations  for  the  PDS. 
However,  the  PDS  considerations  also  include  factors 
imposed  by  the  type  of  platform  and  its  operating 
modes  and  environment.  Additionally,  the  special 
requirements  of  continuous  operation  for  timekeeping, 
whether  done  in  the  PDS  or  the  user  system,  impose 
requirements  for  redundancy,  continuity,  survivability, 
stability,  accuracy  and  serviceability  on  part  or  all 
of  the  PDS.  Of  particular  importance  where  redundant 
units  of  the  PDS  might  be  switched  is  the  specifi¬ 
cation  of  allowable  switching  gaps  or  transients  and 
the  reliability  of  the  monitor  and  control  system 
that  makes  switching  decisions. 

Ordinarily,  a  H)S  is  specified  in  each  factor  to 
meet  the  requirements  of  the  most  demanding  user. 
However,  it  may  be  prudent  in  some  cases  to  transfer 
responsibility  to  the  user  for  some  especially 
difficult  factors.  Spectral  purity  and  continuity 
through  short  interruptions,  for  example,  may  some¬ 
times  be  recovered  with  a  slaved  clock  or  oscillator 
at  or  in  the  user  equipment. 

The  required  precision  in  time  and  frequency 
should  be  considered  in  terms  of  time  accuracy,  rate 
accuracy  and  stability  and  of  frequency  accuracy, 
stability  and  spectral  purity.  These  are  not 
necessarily  functions  of  the  onboard  standards  alone, 
but  may  also  involve  the  dissemination  and  distri¬ 
bution  systems. 

Space  and  weight  allowance  may  place  limits  on 
the  performance  of  the  PDS.  However,  it  is  frequently, 
but  not  always,  true  that  platforms  having  shorter 
mission  durations  have  less  demanding  timekeeping 
requirements . 

Realizing  that  the  dissemination  system  would 
generally  be  considered  a  non-continuous  and  perhaps 
vulnerable  link,  the  timekeeping  accuracy  of  the  PDS 
during  independent  operation  should  be  specified  both 
as  to  free-running  accuracy  and  the  probability  of 
maintaining  continuous  operation  during  such  periods. 

A  submarine,  for  example,  may  require  on-board  time 
standards  of  much  higher  stability  and  reliability 
than  an  aircraft  on  a  short  mission. 

Unless  the  dissemination  system  employs  two-way 
transmission  or  some  other  means  of  path-delay 
compensation,  mobile  platforms  require  sene  means  of 
position  determination.  Such  information  may  be 
obtained  from  the  HA  VS TAR  Qlobal  Positioning  System, 
Navy  navigation  Satellite  System  or  Doran  C  that  also 
provide  US NO  time. 


For  timekeeping,  redundancy  is  valuable  not  only 
internally  within  units,  but  by  employing  multiple 
onboard  standards  and  distribution  coeponents. 
Redundant  power  to  operate  these  systems  is  virtually 
standard,  but  may  enploy  multiple  battery  backing 
with  safeguards  against  comnon-mode  failures. 

When  using  multiple  units  or  components,  a 
number  of  techniques,  including  manual  switching, 
are  sometimes  employed.  Combining  techniques  have 
sometimes  been  used  to  overcome  the  principal  dis¬ 
advantages  of  the  very  reliable,  but  slow,  manual 
methods.  However,  the  complexity  of  combining 
systems,  including  the  monitoring  and  decision¬ 
making  portions  of  the  combiner  can  easily  reduce  its 
reliability,  in  terms  of  purity,  switching  gaps  or 
transients,  and  even  complete  failure,  to  less  than 
that  of  a  single,  non-redundant  component  or  unit. 

A  loosely  slaved  clock  or  oscillator  at  the  user 
equipment  may  be  considered. 

Maintenance  of  continuous  or  reliable  service  to 
the  user  systems  can  be  aided  by  reliable  alarms  and 
monitors,  definitive  fault  location  provisions,  and 
repair  capability  for  redundant  units  or  components 
during  operation.  Without  these  provisions  in  the 
larger  installations,  there  is  danger  of  disturbing 
a  working  unit  of  a  redundant  set  after  failure  of 
another  unit. 

Management  of  the  IDS  is  an  important  consider¬ 
ation.  Hie  question  of  updating  the  standards  by 
time  steps,  frequency  adjustment,  or  both  and  within 
what  limits,  may  not  have  a  single  answer  on  a  plat¬ 
form  containing  diverse  user  interests.  While  the 
method  used  may  be  of  little  concern  to  many  users, 
it  may  be  of  critical  concern  to  a  few.  Therefore,  a 
clear  understanding  of  the  system  management 
practices  is  needed.  Options  include  (1)  complete 
dependence  upon  the  rate  accuracy  of  onboard 
"primary"  standards  such  as  cesium-beams,  with  time- 
signal  adjustments  made  in  discrete  steps,  (2) 
periodic  adjustment  of  frequency  to  maintain  time, 

(3)  no  adjustment  made  during  a  critical  operation, 
but  offsets  noted  and  relayed  to  critical  users,  and 

(4)  other  management  philosophies.  The  method  may  be 
specified  either  to  make  maximum  accommodation  to  a 
large  user  sepnent,  while  perhaps  placing  an  extra 
burden  on  a  few  users,  or  to  offer  multiple  service. 
Updating  procedures  should  also  take  into  consider¬ 
ation  the  confidence  in  or  effects  of  noise  on  a 
measurement  made  through  the  dissemination  system  and 
how  adjustment  decisions  would  be  made. 
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Performance  Factors 


Some  performance  factors  of  ixoportance  to  the 
individual  sections  of  a  platform  distribution  system 
are  enumerated  below. 

Dissemination  System 

Availability  &  Survivability 
Accuracy 

Position,  Velocity,  Acceleration 
Format 

Onboard  Standards 

Frequency  Accuracy 
Frequency  Stability 
Long  Term 
Short  Term 
Spectral  Purity 
Settability  or  Controllability 
Reliability 
Environment 

Temperature  and  Humidity 

Altitude 

Acceleration 

Magnetic  Fields 

Radiation 

Monitoring 

Frequency  and  Time  Comparison  Accuracy 
Detection  of  Errors 
Phase 
Time 

Frequency 
Speed 
Accuracy 
Signal  Level 
Monitor  Reliability 

Control 

Control  Philosophy 

Frequency  vs  Time 
Manual  vs  Automatic 
Signal  Continuity 

Phase  Stability  St  Jitter 
Switching  Speed 
Reliability 

Distribution 

Timing  Resolution 
Signal  Purity  St  EMC 
Reliability 
Survivability 
Continuity 

The  importance  of  these  considerations  varies 
widely  among  platforms  of  different  types.  The  Navy 
is  considering  standardized  platform  distribution 
systems  in  classes  suitable  for  large  ships,  small 
ships,  submarines,  shore  stations,  and  aircraft. 
Standardization  can  promote  not  only  more  economical 
implementation,  maintenance  and  support,  but  also  can 
serve  as  a  basis  for  more  efficient  and  less 
expensive  user  equipment  development  and  imple¬ 
mentation. 

Timekeeping 

Timekeeping,  either  in  the  platform  distribution 
system  or  in  a  user  system  served  by  a  sto-dard 
frequency,  deserves  special  attention.  In  .ime  error 
of  the  free-running  clock  after  calibration  through 
the  dissemination  system  can  be  expressed  asl; 

T(t)  -  T0  +  R0t  +  1/2  Dt2  +  «(t)  (1) 


where , 

t  =  elapsed  time  since  calibration, 

T  =  time  error  of  calibration, 
o 

Rq=  rate  (frequency)  error  of  clock  at  time  of 
calibration, 

D  =  fractional  frequency  drift,  and  for  most 
practical  uses: 


e(t)  ;txdy(T  =  t)  (2) 

where  a  ( r  =  t)  means  the  factional  frequency 
stability  evaluated  for  a  sampling  time  T  equal  to  the 
time  t  which  elapsed  after  the  last  calibration. 

Ihe  value  of  D  and  oy (t)  can  usually  be  found  in 
manufacturer's  literature.  Maximum  values  of  D  are 
normally  given  in  parts  per  part  per  day  for  crystal 
oscillators  and  per  month  for  rubidium  standards. 

Cesium  beam  standards  are  not  generally  considered  to 
have  a  systematic  drift,  and  their  long-term 
stabilities  are  bounded  by  accuracies  or  stabilities 
defined  in  terms  of  reproducibility  or  accuracy  for  the 
life  of  the  standard.  Values  of  a y(r)  are  given  for 
various  sampling  times,  usually  for  T  in  units  of 
seconds,  but  scnetimes  for  T  in  days. 

With  T,  T0  and  t  given  in  seconds  (Ro  and  <Jy  are 
dimensionless  frequency  ratios),  D  is  in  parts  per 
part  per  second.  A  useful  form  of  (1)  is 

T(t)  =  T0  +  8.6L  x  lO**(Rot  +  0.5  Dt2)  +  e(t) ,  (la) 

where  T  and  T0  are  in  seconds,  t  is  in  days,  and  D  is 
in  parts  per  part  per  day.  If  D  is  given  in  terms  of 
months,  1/30  of  that  value  might  be  used  in  (la). 

Obviously,  drift  can  have  a  profound  effect  on 
timekeeping  accuracy  and  must  be  considered  in  terms 
of  the  mission  and  survivability  of  the  platform. 
However,  it  should  also  be  recognized  that  the 
values  used  in  (1)  and  (la)  are  frequently  quoted  in 
terms  of  a  rather  benign  environment  and  may  require 
adjustment  for  the  other  environmental  effects  on 
stability,  such  as  acceleration,  temperature,  and 
magnetic  fields,  that  are  usually  quoted  separately. 

Maintenance  of  accurate  time  has  become  an 
essential  part  of  some  modern  systems.  Platform 
distribution  systems  can  provide  a  valuable  service 
to  multiple  user  systems.  However,  the  factors 
affecting  performance  and  survivability  must  be 
addressed  in  the  platform  distribution  system  speci¬ 
fications.  At  present,  there  is  relatively  little 
guidance  in  doing  this. 
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Abstract 

The  military  specification  for  quartz  crystal 
,  MIL-C-3098&1,  is,  at  the  time  of  this 

publication,  woefully  out-of-date.  Several  of  the 
specified  performance  parameters  and  measurement 
techniques  are  Inadequate  for  modern 
applications.  In  addition,  many  required 

inspections  are  not  addressed,  such  as  motional 
capacitance,  activity  dips  and  radiation  hardness. 

The  philosophy  behind  the  revision  of  the 
specification  will  be  discussed  and  several  of  the 
major  modifications  will  be  described.  Some  of  the 
modifications  to  be  discussed  are  the  elimination 
of  the  Cl-meter  as  a  standard  test  set  and  a 
description  of  the  new  or  modified  Inspections  for 
acceleration  sensitivity,  acoustical  noise 
sensitivity,  frequency-temperature  behavior, 
thermal  shock,  aging  and  short-term  stability. 


Key  Words:  Quartz  Resonators,  Quartz  Crystal, 

Military  "Specification. 


Introduction 

The  Military  Specification  which  covers  the 
general  requirements  for  quartz  crystal  units  used 
for  frequency  control  of  electronic  equipment  is 
entitled.  Crystal  Units,  Quartz.  General 
Specification  for.  TKe  current  edition,  MIl-C- 
3098G,  was  Issued  12  October  1979.  The  Intent  of 
this  paper  is  to  discuss  the  rationale  behind  the 
proposed  modification  of  "3098"  as  well  as  to 
describe  several  of  these  modifications. 

Rationale 

It  has  become  Increasingly  apparent  that  MIl- 
C-3098G  is  Inadequate  for  current  and  future 
military  requirements.  Hodern  systems  require 
better  performance  over  time,  temperature,  and 
other  environmental  stimuli  than  that  for  which 
"3098“  was  written.  There  are  also  many 

performance  factors  which  are  unaddressed,  such  as 
vibration  and  acceleration  sensitivity  while 
operating,  radiation  hardness,  frequency- 

temperature  and  resistance-temperature  anomalies 
("activity-dips"),  motional  capacitance  (Cj),  short 
term  stability  (noise),  thermal  shock  response  and 
thermal -frequency  repeatability.  A  primary 
motivation  for  revising  this  specification  was  to 
define  test  procedures  for  these  performance 
factors  and  Institute  them  as  standard  methods. 

Two  other  areas  of  concern  have  been  the 
inadequate  level  of  quality  assurance  demanded 


previously  and  the  obsolete  measurement  equipment 
specified.  The  specification  was  originally 
written  prior  to  the  era  of  hybrfd  circuits,  and 
encapsulated  ovenlzed  and  temperature  compensated 
oscillators.  Complete  parameter  and  frequency 
temperature  data  is  needed  on  all  crystal  units  In 
some  applications.  In  addition,  certain  critical 
applications,  such  as  space-borne  equipment, 
require  higher  levels  of  quality  assurance  than 
that  required  for  general  use.  Provisions, 
therefore,  had  to  be  included  into  "3098"  to 
require  higher  levels  of  data  reporting  and  tighter 
inspections,  if  required. 

The  "government  reference  standard  test  sets" 
specified  by  MIL-C-3098G  were  the  now  obsolete  CI- 
meters.  These  equipments  are  no  longer  maintained 
by  the  government.  They  are  also  unsuitable  for 
the  precision  measurements  required  both  today  and 
in  the  future.  It  was  Imperative,  therefore,  that 
the  provisions  Included  for  measurement  equipment 
reflect  both  the  requirements  of  modern  systems  and 
the  state-of-the-art  of  modern  measurement 
technology. 

~~'N\  Major  Changes 

The  following  is  a  summary  of  the  major 
changes  being  considered.  All  of  the  items 
discussed  are  subject  to  change  prior  to  final 
publication  of  the  "new"  3098. 

Etching 

The  requirement  paragraph  for  etching  of  the 
crystal  blank  and  the  assurance  paragraph  for 
etching  evaluation  have  been  eliminated.  These 
paragraphs  were  originally  Inserted  to  give 
assurance  to  the  government  that  surface 
contamination  and  particulates  were  minimized.  The 
idea  Is  now  to  test  directly  for  the  performance 
criteria  that  etching  is  intended  to  Improve. 
Therefore,  the  low  drive  level  and  aging 
inspections,  to  be  discussed  below,  have  been  made 
more  stringent  to  serve  as  functional  inspection 
methods. 

Cl -Meter 

In  light  of  the  facts  that  1)  the  government 
does  not  support  the  Cl-meter  any  longer,  2)  the 
precision  of  the  Cl-meter  Is  Inadequate  for  many 
modern  applications  and  3)  there  are  several 
commercial  instruments  capable  of  crystal  unit 
measurement;2  all  reference  to  the  Cl-meter  has 
been  deleted.  Each  manufacturer  will  be  required 
to  qualify  a  reference  standard  test  set.  The 
details  of  this  qualification  have  yet  to  be 
established. 
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Quality  Assurance  Levels 

The  need  for  higher  levels  of  quality 
assurance  has  been  addressed  by  the  Introduction  of 
two  "product  assurance  levels".  The  product 
assurance  level  Is  denoted  by  a  one  letter,  (S  or 
B),  suffix  to  the  type  designation.  The  difference 
between  the  two  levels  lies  In  the  sampling  plan 
used  for  the  Inspections.  In  the  following  table 
the  Group  A  tests  are  typically  for  performance 
factors  which  vary  from  unit  to  unit  while  Group  B 
inspections  are  typically  design  or  lot 
dependent.  In  Table  I,  we  have  the  sampling  plan 
for  the  two  product  assurance  levels  and  the  two 
inspection  groups. 

TABLE  I 


Product  Assurance 
Level 

Inspection  Group 

B 

S 

Group  A 

II* 

100* 

Group  8  Subgroup  1 

$-3* 

II* 

Subgroup  II 

S-4* 

III* 

•in  accordance  with  MIL-STO-105.3 


For  comparison  purposes.  Table  IIA  and  Table 
I  IB  give  the  number  of  samples  to  be  inspected  for 
two  lot  sizes  (above  the  slash)  and  the  number  of 
failures  permitted  for  lot  acceptance  (below  the 
slash).  It  should  be  noted  that  S  level  units  are 
accepted  on  an  individual  basis  for  Group  A 
testing. 


TABLE  IIA 


Lot  size  91-150  units 
AQL-  1.0 

Sample  Size/Failures 
A1 1  owed 

Inspection  Group 

B 

5 

Group  A 

13/0 

100* 

Group  8  Subgroup  I 

13/0 

13/0 

Subgroup  II 

13/0 

50/1 

TABLE  I  IB 


LOt  size  501-1200  units 
AQL  »  1.0 

Sample  Size/Failures 

A1 1  owed 

Inspection  Group 

B 

S 

Grouo  A 

80/2 

100* 

Group  B  Subgroup  I 

13/0 

80/2 

Subgroup  II 

13/0 

125/3 

Modifications  to  Existing  Inspections 


Several  of  the  inspection  procedures  familiar 
to  the  Industry  from  previous  editions  of  "3098" 
have  been  modified.  These  modifications  are 
Intended  to  make  It  possible  to  specify  a  wider 
variety  of  performance  parameters  and  to  a  higher 
degree  of  precision.  The  three  major  modifications 
are  the  Reduced  Drive  Level  Test,  the  Aging  Test, 
and  the  Frequency  vs.  Temperature  test. 


Resistance  Non-Linearity 

A  more  stringent  low  drive  level  test  has  been 
proposed  to  provide  functional  quality  assurance  In 
lieu  of  the  former  etching  requirement.  Resistance 
non-linearity  has  been  reported  to  be  a  good 
Indicator  of  surface  Imperfections  (Including 
scratches  and  particles  on  the  surface.)  The  new 
reduced  drive  level  Inspection  will  be  a 
measurement  of  the  equivalent  series  resistance  of 
the  crystal  unit  as  a  function  of  drive  current. 
It  should  be  noted  that  throughout  the  revised 
specification  all  references  to  drive  level  will  be 
In  terms  of  current  not  power. 

The  experimental  procedure  for  the  resistance 
non-linearity  Inspection  will  be  to  condition  the 
crystal  unit  at  an  elevated  temperature  In  a 
qulesent  state.  After  the  high  temperature 
conditioning,  the  crystal  unit  Is  brought  to 
thermal  equilibrium  at  room  temperature  and  a 
resistance  vs  drive  current  measurement  Is  made, 
using  the  lowest  current  level  first.  An  ideal 
crystal  unit  will  obey  Ohms  Law,  l.e.,  the 
resistance  will  not  be  a  function  of  current.  A 
typical  crystal  unit  will  have  a  resistance  which 
Is  more-or-less  a  function  of  the  drive  current. 
The  specification  sheet  for  the  crystal  type  will 
specify  the  fractional  resistance  deviation  which 
Is  permissible. 

Mm 

The  accelerated  aging  test,  which  Is  1  week  at 
an  elevated  temperature.  Is  not  intended  to  be  a 
predictor  of  long  term  performance.  It  Is  another 
check  on  process  control.  This  test  has  been 
modified  by  raising  the  required  conditioning 
temperature  from  105°C  to  I25"C.  It  has  also  been 
suggested  that  the  accelerated  aging  test  be  the 
thermal  conditioning  for  the  reduced  drive  level 
test. 

The  "regular"  aging  test  has  also  been 
modified.  Frequency  measurements  are  required  5 
times  a  week  (every  working  day).  Some  typical 
aging  data  Is  shown  In  Figure  1.  The  data  will  be 
appropriately  analyzed  at  the  end  of  the  30  day 
aging  period  by  performing  a  statistical  fit  to  a 
suitable  function  to  ascertain  the  level  of 
conformance  to  the  requirements.  The  requirements 
can  be  any  or  all  of  the  following:  the  aging  rate 
per  day  at  day  30  (determined  from  the  statistical 
fit),  the  total  frequency  change  from  day  zero  to 
day  30,  and  the  maximum  frequency  shift  In  any  2* 
hour  period. 

The  maximum  frequency  change  for  the  30  day 
period  must  be  less  than  2  parts  per  million  for 
all  crystal  units.  The  temperature  at  which  aging 
Is  to  be  performed  will  be  85 °C  *2°C  for  crystal 
units  with  a  2  ppm/30  day  aging  specification.  All 
other  crystal  units  will  be  aged  at  a  temperature 
to  be  specified,  hut  It  will  be  a  temperature  with 
a  low  frequency  vs  temperature  slope,  such  as  a 
turnover  point. 

An  open  question  Is  the  relevance  of  the  fit 
of  the  30  day  data  to  the  extrapolation  of  the 
aging  to  longer  periods.  For  the  present,  the  user 
will  have  to  use  the  data  supplied  and  siaae 
assumptions  gathered  from  previous  experience  to 
predict  aging  behavior. 
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Frequency  and  Resistance  vs  Temperature 

The  Inspection  for  temperature  behavior  is 
being  greatly  expanded.  As  In  previous  editions  of 
the  specification,  the  dependence  of  frequency  and 
resistance  on  temperature  will  be  considered.  As 
contrasted  to  previous  editions,  the  definitions 
related  to  frequency-temperature  (F-T) 
characteristics  depicted  In  figure  2  will  be 
Introduced.  It  will  be  possible  to  specify  any  one 
or  combination  of: 

Frequency  at  upper  turnover  temp  F(UTP) 
Frequency  at  lower  turnover  temp  F(LTP) 

Lower  turnover  temperature  LTP 

Upper  turnover  temperature  UTP 

Frequency  at  the  inflection  temp  F(T^) 

Slope  at  any  temperature  dF/dT 

Maximum  slope  over  temperature  range 
Slope  at  inflection  temperature 
F(LTP)  -  F(UTP) 

or  any  other  characteristic  which  may  be 
Important.  The  resistance  will  be  limited  by  a 
specified  maximum  over  a  specified  temperature 
range. 

The  temperature  run  will  be  performed  much 
more  slowly  than  in  the  past,  to  assure  the 
elimination  of  thermal  gradients  in  the  crystal 
unit  and  to  allow  inspection  for  frequency- 
temperature  anomalies,  usually  referred  to  as 
activity  dips. 


Additional  Special  Requirements 

The  Inspections  heretofore  absent  from  ”3098" 
will  only  be  applied  when  specifically  required  by 
the  specification  sheet  for  a  crystal  unit  type. 
These  new  Inspections  Include: 

Motional  capacitance,  Cj 

Quality  factor,  Q 

Short-term-stability  (noise) 

Vibration  sensitivity 
Acceleration  sensitivity 
Acoustic  noise  sensitivity 
Radiation  hardness 
Condensibles 

Thermal  frequency  repeatlblllty 
Thermal  hysteresis 
Thermal  time  constant 
Thermal  frequency  overshoot 

Some  of  these  parameters  are  well  known  to  the 
Industry.  The  discussion  here  will  center  around 
the  less  common  of  these  new  Inspections. 

Thermal  Frequency  Repeatlblllty 

The  definition  of  thermal  frequency 
repeatlblllty  Is  the  maximum  fractional  frequency 
deviation  among  the  frequencies  measured  at  each 
pass  through  the  specified  turnover  temperature 
during  a  specified  number  of  temperature  cycles.  A 
typical  temperature  cycle  to  be  followed  Is  shown 
in  figure  3.  The  steps  near  the  turnover 
temperature  signify  thermal  equilibrium  being 
reached  at  a  number  of  temperatures  to  enable  a 
determination  of  the  turnover  frequency  by 
statistical  means. 

This  test  is  mostly  applicable  to  crystal 
units  intended  for  ovenlzed  application.  It  Is 
Intended  to  give  a  measure  of  the  frequency 


accuracy  to  expect  after  the  low  temperature 
storage  of  an  oscillator  with  the  oven  unpowered. 
The  corresponding  Inspection  for  non-ovenlzed 
oscillators  Is  the  thermal  hysteresis  Inspection. 
This  Inspection  compares  the  frequency  retrace  over 
the  entire  operating  temperature  range. 

Vibration/Acceleration  Sensitivity 

An  extremely  Important  Inspection  for  certain 
military  applications,  which  has  drawn  a 
considerable  amount  of  RJO  Interest  lately.  Is  the 
performance  of  a  crystal  unit  while  experiencing 
acceleration.  This  acceleration  can  be 
undlrectlonal ,  vibrational,  or  due  to  acoustic 
noise  power  Impinging  on  the  crystal  unit.  The 
current  revision  of  “3098“  contains  only  a  before 
and  after  vibration  measurement  to  determine  the 
frequency  and  resistance  offset. 

The  new  ”3098“  will  Include  vibration 
sensitivity  to  measure  the  frequency  change  during 
vibration  and  to  search  for  mechanical  resonances 
in  the  crystal  unit.  In  addition  "3098”  will 
include  acceleration  sensitivity  and  acceleration 
Induced  frequency  and  resistance  offset.  This  will 
measure  the  effects  of  a  steady  state  acceleration 
such  as  would  be  experience  during  missile 
launch.  The  acoustical  noise  Inspection  will 
measure  the  effects  of  sound  energy  on  the  crystal 
unit  enclosure. 

The  vibration  sensitivity  will  be  measured 
using  the  sideband  method  which  has  been  reported 
before.  The  acceleration  modulates  the  frequency 
of  the  carrier  at  a  rate  determined  by  the  driving 
signal  to  the  shake  table  and  at  a  magnitude 
depending  on  the  crystal  properties.  The  spectrum 
looks  like  that  of  figure  4.  The  relative 
magnitude  of  the  carrier  and  the  sideband  along 
with  the  frequency  of  the  carrier  and  the  frequency 
of  the  driving  signal  are  sufficient  to  determine 
the  vibration  sensitivity. 

Time  Constant/Overshoot 

Another  new  Inspection  Is  the  Thermal  Time 
Constant/Thermal  Frequency  Overshoot  Test.  In  this 
Inspection,  the  ability  of  a  crystal  unit  to  follow 
a  rapid  temperature  change  Is  measured.  The  AT  cut 
of  quartz  Is  very  sensitive  to  thermal  transients, 
while  the  SC-cut  Is  relatively  Insensitive.  In 
addition  massive  crystal  blanks  with  poor  thermal 
conductance  In  the  mounting  structure  will  have  a 
long  thermal  response  time.5 

The  thermal  time  constant  Is  measured  by 
bringing  the  crystal  unit  to  thermal  equilibrium  at 
0°C  while  operating  In  a  suitable  test  system.  The 
unit  Is  rapidly  transferred  to  a  100°C  liquid  bath 
and  the  frequency  Is  recorded  until  equilibrium  is 
again  reached.  The  time  taken  to  reach  the 
original  frequency  while  at  thermal  equilibrium  at 
63®C  Is  the  thermal  time  constant. 

The  frequency  overshoot  Is  a  measure  of  the 
deviation  of  the  dynamic  frequency-temperature 
characteristic  (i.e.,  the  F-T  curve  experienced 
during  rapid  temperature  change)  and  the  F-T  curve 
obtained  under  quasl-thermal  equilibrium 
conditions.  The  measurement  method  Is  depicted  In 
figure  S.  The  upper  curve  Is  the  F-T  plot  obtained 
"statically".  The  lower  curve  Is  the  frequency  vs 
time  plot  obtained  during  the  thermal  time  constant 
test.  The  extremes  of  curve  Is  denoted  ft.  The 


frequency  overshoot  is  defined  as 

Freq  overshoot  *  -  £FS  (1) 

where  &F4  ■  ft  (dynamic)  -f(100°C)  dynamic 
^F$  »  ft  (static)  -f(100*C)  static 


and 


ft  ■  turnover  frequency 


f{U}0°C)  *  frequency  at  100°C 
Future  Revisions 


The  current  plan  Is  to  complete  this  revision 
and  then  tackle: 


MH-STO-683  -  Crystal  Unit,  Quartz  and  Crystal 
Holders,  Enclosures,  Selection  of 
and 


MIL-H-10056  -  Holders,  Crystal,  General 
Specification  for. 
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REVISION  Of  THE  NI LITANY  SPECIFICATION  FON 
QUARTZ  CRYSTAL  OSCILLATORS  (N1L-0-5S310) 


Vincent  Rosatl  and  Stanley  Schodowskl 

US  Aney  Electronics  Technology  4  Devices  laboratory  (ERADCON) 
Fort  Monmouth,  New  Jersey  07703 


The  current  revision  was  started  In  mld-1982 
with  a  request  for  comments  sent  to  many  oscillator 
users  and  vendors.  The  result  was  a  flood  of 
proposed  changes.  Indicating  that  extensive 
revision  Is  necessary.  Two  working  group  meetings, 
to  which  more  than  260  representatives  of  the 
Military  and  Industry  were  Invited,  were  held  at 
Fort  Monmouth  and  in  Philadelphia.  Approximately 
thirty  people  attended  each  session.  The  group 
consisted  of  representatives  from  13  companies  and 
3  Government  agencies. 

The  Initial  goals  of  the  working  group  were: 

1.  Modernize  "55310",  thereby  making  it  more 
useful  for  precision  oscillators. 

2.  Standardize  definitions,  requirements,  and 
test  procedures. 

3.  Conform,  Insofar  as  possible,  to  the  IEC 
standard  for  crystal  oscillators. 

In  addition,  an  Important  goal  for  the  Government 
Is  that  by  upgrading  the  standard  and  making  It 
more  useful  for  precision  oscillators,  the  number 
of  non-standard  oscillators  could  be  reduced. 

Still  another  goal  emerged  during  the 
meetings.  A  user's  guide  to  the  selection,  use, 
and  specification  of  oscillators  will  be 
developed.  It  appears  that  many  of  the  problems 
associated  with  oscillators  that  fall  to  meet 
desired  performance  stem  from  a  laclj  of 
understanding  on  the  part  of  the  user  as  to  what 
various  classes  of  oscillators  can  do,  how  to 
specify  them,  and  how  to  test  them.  A  readable 
user's  guide  should  remove  these  barriers. 

Much  time  was  spent,  at  both  meetings,  on  the 
topics  of  the  measurement  of  frequency-temperature 
stability  and  aging. 

Regarding  F-T  stability,  a  consensus  developed 
that  temperature  runs  begin  with  a  rapid  cooldown 
to  the  lowest  specified  temperature,  dwell  at  the 
low  temperature  for  approximately  5  (oscillator) 
thermal  time  constants  and  then  step  the 
temperature  at  a  rate  commensurate  with  the 
stability  class  of  the  oscillator.  For  example,  a 
0.5  ppm-osclllator  should  be  measured  at  one  degree 
Intervals.  Wien  the  upper  specified  temperature  Is 
reached,  the  cycle  Is  reversed. 

Testing  In  this  way  will  help  uncover 
frequency  anomalies  due  to  condensibles,  have  a 
reasonable  chance  of  exposing  activity  dips,  and 
give  a  measure  of  the  thermal  hysteresis  of  the 
oscillator. 


The  measurement  of  frequency  aging  of  TCXO 
likewise  presents  many  problems.  At  what 
temperature  should  measurements  be  made?  How  often 
should  data  be  taken?  For  how  many  days  should  one 
measure  aging?  Is  It  valid  to  fit  a  mathematical 
function  to  the  data  and  use  It  to  extrapolate 
future  performance? 

On  a  strictly  scientific  basis  these  questions 
cannot  be  answered  In  general.  However,  there  Is  a 
practical  need  to  develop  methods  which  can 
prudently  be  applied. 

It  Is  realized  and  accepted  that  more 
extensive  testing  will  Increase  the  cost  of  Initial 
procurement.  The  authors  feel  that,  with  the 
availability  of  automated  test  equipment,  cost 
Increases  will  be  modest  and  that.  In  any  case, 
life  cycle  costs  of  systems  will  significantly  be 
reduced. 

It  1$  envisioned  that  as  more  Is  learned  about 
the  performance,  testing  and  applications  of 
oscillators,  MIL-0-55310  will  be  revised 
periodically.  The  authors  sincerely  request  that 
Interested  readers  communicate  their  comments  and 
suggestions  to  us  at  the  address  given  under  the 
title  of  this  paper. 
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REVIEW  OF  NEW  MILITARY  SPECIFICATION  ON  SURFACE  ACOUSTIC  WAVE  DEVICES 


Elio  A.  Harlanl 

US  Army  Electronics  Technology  A  Devices  Laboratory 
Fort  Monmouth,  New  Jersey  07703 


Summary: 

A  new  military  specification  on  surface  acoustic 
wave  devices  (SAWD)  has  been  drafted  recently  by 
Army  personnel  and  Is  presently  under  review.  This 
document  will  establish  the  general  requirements 
for  SAWO's  as  well  as  establish  the  quality  and 
reliability  assurance  requirements  which  must  be 
met  In  the  acquisition  of  these  devices.  Requirements 
that  are  sensitive  to  particular  device  application 
shall  be  specified  in  other  applicable  detailed 
specifications.  The  contents  and  salient  provisions 
of  this  document  will  be  reviewed. 

Introduction: 

As  a  result  of  more  than  a  decade  of  Intensive 
development,  SAW  device  technology  has  achieved 
high  levels  of  device  performance  and  system  acceptance. 
At  the  present  time,  SAW  devices  have  found  application 
in  a  large  number  of  military  systems  and  that  number 
continues  to  grow.  Recognizing  the  relative  maturity 
of  SAW  device  technology,  the  U.S.  Army  Electronics 
Technology  and  Devices  Laboratory,  USAERADCOM,  decided 
to  Initiate  the  preparation  of  a  new  military  general 
specification  dealing  exclusively  with  SAW  devices. 

In  order  to  expedite  the  process  the  document  was 
prepared  as  a  limited  coordinated  specification, 
for  mandatory  Army  use  only;  upon  approval  by  Department 
of  the  Army,  the  specification  will  be  coordinated 
with  both  the  Navy  and  the  Air  Force. 

After  considerable  time  and  effort,  a  finished 
draft  document  soon  will  be  circulated  to  a  number 
of  interested  people  within  the  Army  and  private 
Industry.  This  process  will  permit  comnent  and 
any  needed  modifications  In  order  to  produce  a  consensus 
document.  This  will  be  ready  In  final  form  by  the 
fall  of  1963. 

Discussion  of  Specification 

The  proposed  general  specification  on  SAW  devices 
Is  organized  Into  six  major  sections:  (1)  Scope; 

(2)  Applicable  Documents;  (3)  Requirements;  (4) 

?ual1ty  Assurance  Provisions;  (5)  Packaging  and 
6)  Notes.  Only  those  parts  of  special  Interest, 
that  Is  the  Requirements  and  Quality  Assurance  Provisions, 
will  be  addressed.  The  remaining  sections  are  rather 
prosaic  and  will  be  available  with  the  distribution 
of  the  complete  draft  of  the  general  specification. 
Furthermore,  the  specification  provides  for  two 
levels  of  quality  and  reliabllflty  assurance  •  Class 
B  and  Class  S  (space  application). 


The  Requirements  Section,  which  has  eighteen 
(18)  major  subsections,  begins  with  a  discussion 
of  detail  specification  sheets  where  the  Individual 
Item  requirements  shall  be  as  specified  In  the 
general  specification  and  in  accordance  with  the 
applicable  detail  specification.  In  the  event 
of  any  conflict,  the  detail  specification  will 
govern.  Also,  unless  otherwise  specified,  all 
SAW  devices  shall  have  an  operating  temperature 
range  from  -S5°C  to  +125°C. 

The  Requirements  section  dealing  with  qualification 
indicates  that  SAWO's  finished  under  this  specification 
shall  be  the  products  which  are  qualified  for  listing 
on  the  applicable  qualified  products  list  at  the 
time  set  for  opening  of  bids.  This  section  on 
qualification  also  discusses  traceability  documentation 
and  change  of  qualified  product.  The  remaining 
sections  discuss  the  following  topics:  screening, 
materials,  design  and  construction,  hermetic  seal, 
thermal  shock,  high  temperature  storage,  shock, 
vibration,  moisture  resistance,  life,  resistance 
to  solvents,  solderablllty,  short-circuit  and  open- 
circuit,  electrical  requirements,  marking  and  workman¬ 
ship.  It  is  noted  that  under  the  section  on  electrical 
requirements,  testing  shall  assure  that  the  SAWD's 
tested  meet  the  electrical  requirements  of  the 
applicable  detail  specification  and,  as  a  minimum, 
shall  Include  the  measurement  of  the  following 
parameters:  center  frequency  of  operation,  bandwidth. 
Insertion  loss,  feedthrough  suppression,  spurious 
echo  suppression,  and  VSWR,  when  applicable. 

The  Duality  Assurance  Provisions  section  is 
divided  into  seven  major  subsections,  the  first 
of  which  addresses  responsibility  for  inspection. 

It  states  that  unless  otherwise  specified,  the 
contractor  is  responsible  for  the  performance  of 
all  inspections  requirements. 

Classification  of  Inspection  Indicates  three 
major  categories:  (1)  material  Inspection;  (2) 
qualification  Inspection;  (3)  quality  conformance 
Inspection.  Also,  all  Inspection  conditions  will 
be  made  In  accordance  with  the  general  requirements 
of  MIL-STD-883. 

The  subsection  dealing  with  test  routine  states 
that  qualification  samples  shall  be  subjected  to 
the  tests  described  under  Qualification  Inspection 
(Table  I)  which  contains  six  (6)  groups.  All  sample 
units  shall  be  subjected  to  tests  of  group  I. 

The  sample  SAWD's  shall  then  be  divided  In  five 
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groups  and  subjected  to  the  tests  of  groups  II-V1 
In  the  order  shown  for  the  specific  class  of  SAW) 
being  qualified  (l.e.  Class  B  or  S). 

Quality  conformance  Inspection  will  Include 
Inspection  of  product  for  delivery  that  consists 
of  group  A,  B,  and  C  Inspections,  as  shown  In 
Tables  II,  III,  and  IV. 

The  last  subsection  under  the  Quality  Assurance 
Provisions  deals  with  methods  of  Inspection  which 
correspond  directly  to  each  of  the  requl remen ts 
paragraphs. 


References : 

1.  Military  Specification:  General  Specification 
for  Microcircuits  (M11-M-385100),  31  August  1977) 
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37th  Annum I  Frequency  Control  Symposium  - 1983 
SPECIFICATIONS  AND  STANDARDS  GERMANE  TO  FREQUENCY  CONTROL 


Institute  of  Electrical  end  Electronic  Engineers 

Order  through:  IEEE  Service  Center 
445  Hoes  Lane 
Plscataway,  NJ  08854 

(201) -981-0060 

176- 1978  Piezoelectricity  $  9.00 

177- 1966  Piezoelectric  Vibrators,  Definitions 

and  Methods  of  Measurements  for  (ANSI 
C83. 17-1970)  $  4.00 

180-1962  Ferroelectric  Crystal  Terms,  Definitions 
of  $  3.00 

319-1971  Plezomagnetlc  Nomenclature  $  4.00 

Electronic  Industries  Association 

Order  through:  Electronic  Industries  Assn. 

2001  Eye  Street,  N.W. 

Washington,  DC  20006 

(202)  -457-4900 

(a)  Holders  and  Sockets 

RS-192-A,  Holder  Outlines  and  Pin  Connec¬ 
tions  for  Quartz  Crystal  Units.  (Standard 
Dimensions  for  older  types.)  $  6.80 

RS-367,  Dimensional  and  Electrical  Char¬ 
acteristics  Defining  Receiver  Type  Sockets. 
(Including  crystal  sockets.)  $20.20 

RS-417,  Crystal  Outlines  (Standard  dimensions 
and  pin  connections  for  current  quartz  crystal 
units  -  1974.)  $  7.80 

(b)  Production  Tests 

RS-186-E,  (All  Sections),  Standard  Test  Meth¬ 
ods  for  Electronic  Component  Parts  $42.00 

(c)  Application  Information 

Components  Bulletin  No.  6,  Guide  for  the  Use 
of  Quartz  Crystals  for  Frequency  Control 

$  4.90 

(d)  RS-477,  Cultured  Quartz  (Apr.  81)  $5.50 

International  Electrotechnical  Commission 

Order  through:  American  National  Standards  Inst. 
1430  Broadway 
New  York,  New  York  10018 

♦ANSI  can  quote  prices  on  specific  IEC  publication 
on  a  day  to  day  basis  only.  All  IEC  and  ISO 
standards  have  been  removed  from  Its  Standards 
Catalog.  Cal  ANSI,  NYC  (212)-3S4-3300  for  prices. 

IEC  Publication  122-1  (1976) 

Quartz  crystal  units  for  frequency  crystal  and 
selection.  Parti:  Standard  values  and  test 
conditions.  (Second  edition) 


IEC  Publication  122-2  (1962)  Section  3: 

Guide  to  the  use  of  Quartz  Oscillator  Crystals, 
Including  Amendment  1  (1969). 

IEC  Publication  122-3  (1977)  Part  3:  Standard 
Outlines  and  Pin  Connections.  (Second  edition) 

IEC  Publication  263  (1968)  Methods  for  the  Measure- 
men t  of  Frequency  and  Equivalent  Resistance  of 
Unwanted  Resonances  of  Filter  Crystal  Units 

IEC  Publication  302  (1969)  Standard  Definitions  and 
Methods  of  Measurement  for  Piezoelectric  Vibrators 
Operating  Over  the  Frequency  Range  up  to  30  MHz 

IEC  Publication  314  (1970)  Temperature  Control 
Devices  for  Quartz  Crystal  Units,  Including 
Supplement  314A  Contents:  General  Characteris¬ 
tics  &  Standards;  Test  Conditions;  Pin  Connections 

IEC  Publication  314A  (1971)  First  Supplement  to 
Publication  3l4  (1970)  Contents:  Guide  to  the  Use 
of  Temperature  Control  Devices  for  Quartz  Crystal 
Units 

IEC  Publication  368  (1971)  Piezoelectric  Filters 
including  Amendment  1,  Amendment  2,  and  Supple¬ 
ment  368A  and  368B  Contents:  General  Information 
&  Standards  Values;  Test  Conditions 

IEC  Publication  368A  (1973)  First  Supplement  to 
Publication  368  (1971 )  Contents:  Guide  to  the 
Use  of  Pelzoelectrlc  Filters 

IEC  Publication  368B  (1975)  Second  Supplement  to 
Publication  368  (1971)  Contents:  Piezoelectric 
Ceramic  Filters 

IEC  Publication  444  (1973)  Basic  Method  for  the 
Measurement  of  Resonance  Frequency  and  Equivalent 
Series  Resistance  Quartz  Crystal  Units  by  Zero 
Phase  Technique  In  a  f  -  Network 

IEC  Publication  483  (1976)  Guide  to  Dynamic Measure- 
ments  of  Piezoelectric  Ceramics  with  High  Elec¬ 
tromechanical  Coupling 

Department  of  Defense 

Order  through:  Naval  Publication  &  Form  Center 
5801  Tabor  Avenue 
Philadelphia,  PA  19120 

MIL-C-3098  Crystal  Unit,  Quartz.  General  Specifica¬ 
tion  For 

MIL-H-10056  Holders  (Enclosures),  Crystal,  General 
Specifications  For 

MIL-STD-683  Crystal  Units,  Quartz/And  Holders,  . 
Crystal 

MIL-F-28734  Frequency  Standards,  Cesium  Beam, 
General  Specification  For 

MIL-0-55310  Oscillators,  Crystal,  General  Specifi¬ 
cation  For 

MIL-F-18327  Filters,  High  Pass,  Low  Pass,  Band 
Pass  Suppression  and  Dual  Functioning,  General 
Specification  For 

MIL-0-39021  Oven,Crystal .General  Specification  For 

MIL-0-55240  Oscillators,  Audio  Frequency 

MIL-F-28811  Frequency  Standard,  Cesium  Bean  Tube 
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YEAR 

DOCUMENT  NO. 

OBTAIN  FROM* 

COST 
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1956 

AD298322 
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$41.50 
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1957 

AD298323 
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1959 

AD298325 
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AD246500 
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32.50 
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AD265455 
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28.00 
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1962 

PB162343 
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35.50 
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1963 

A0423381 
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43.00 
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1964 

AD450341 
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43.00 
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1965 

AD471229 
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47.50 

20 

1966 

AD800523 
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47.50 

21 

1967 

AD659792 
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41.50 

22 

1968 

AD844911 
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44.50 

23 

1969 

AD746209 

N 

25.00 

24 

1970 

AD746210 
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28.00 

25 

1971 

AD74621 1 

M 

28.00 

26 

1972 

AD771043 

II 

26.50 

27 

1973 

A0771042 

N 

34.00 

28 

1974 

ADA011113 

II 

31.00 

29 

1975 

ADA017466 
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34.00 

30 

1976 

ADA046089 

II 

40.00 

31 

1977 

ADA088221 

M 

44.50 

32 

1978 

EIA 

20.00 

33 

1979 
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20.00 

34 

1980 

M 

20.00 

35 

1981 

N 

20.00 

36 

1982 

SGC 

25.00 

37 
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n 

25.00 

♦NT IS- National  Technical  Information  Service  (All  prices  are  as  of  June  1983  and  are  subject 

Sills  Building  to  change.) 

5285  Port  Roayl  Road 
Springfield,  VA  22161 

*  El A- Annual  Frequency  Control  Symposium 

c/o  Electronic  Industries  Association 
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